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ABSTRACT
Cell surface adhesion phenomena were studied using in vitro animal cell culture. 
The Radial Laminar Shear Method (RLSM) was developed and validated in order to 
reliably and reproducibly measure the strength of cell adhesion to surfaces. The RLSM 
was found to be a simple and inexpensive technique for quantifying the strength of cell 
adhesion to surfaces, provided it was operated under a set of defined parameters. The 
strength of cell adhesion supported by native and modified surfaces was measured. BHK21 
anchorage dependent cells were shown to be detached from low adhesive surfaces (eg. 
native polystyrene) with a force of 0.4Nnr2 and a maximum force of 5.5Nnr2 for high 
adhesive materials (eg. Primaria™ polystyrene). Most materials (eg. glass, stainless steel) 
were found to support an intermediate strength of adhesion of 2 to 5Nm-2. A linear 
relationship between the strength of cell adhesion and contact angle (wettability) was 
obtained only when materials were used, cleaned and sterilised reproducibly.
Surface modifications were carried out to quantify the changes in the strength of 
cell adhesion to surfaces. The treatment of hydrophobic surfaces by Pluronic® F-68 or 
Bovine Serum Albumin (BSA) completely inhibited cell adhesion. Whilst corona 
discharging or Diamond-Like Carbon (DLC) coating of hydrophobic materials increased 
the strength of cell adhesion. The above treatments were found to have an insignificant 
effect on the cell adhesion supported by hydrophilic surfaces.
It was shown that cell adhesion properties can directly affect the cell growth 
characteristics on unmodified materials (eg. native polystyrene, Primaria™ polystyrene, 
silicone rubber). A material can then be selected for an appropriate biotechnological or 
biomedical application based on cell adhesion properties. Cell growth properties on DLC 
coated or chemically treated materials did not relate to the strength of cell adhesion. On 
these modified materials, the cell growth and adhesion properties need to be fully 
evaluated when modifications are carried out.
The strength of cell adhesion was quantified on materials when protein and 
surfactants were either coated on surfaces or supplemented in the cell culture medium. It 
was demonstrated that the strength of cell adhesion to materials was not significantly 
affected by the surfactant treatment (PVPC30, PVPVA-S630 and Pluronic® F-68), 
however, contact angle measurements showed that surfactant adsorption had taken place. 
For protein treatment (eg. Fibronectin, BSA) to surfaces, the opposite was found to be true 
for the above parameters. Contact angle measurements did not detect the additional protein 
in serum supplemented medium. In fact the greatest increases in cell adhesion were found 
when materials were treated with fibronectin.
Finally, it is concluded that the Radial Laminar Shear Method can be successfully 
used to quantify the effects of surface modifications on the strength of cell adhesion. This 
is provided that the test is carried out using the defined parameters.
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1.0 CELL ADHESION
1.0 Cell Adhesion
The study of in vitro cell-surface adhesion phenomena has been used to 
determine the mechanisms of adhesion of cells to materials. Methods are now 
available to probe the factors which affect cell adhesion to materials. These factors 
include:
i) The type of cell e.g. fibroblastic, epithelial.
ii) Specific cell adhesion molecules e.g., Fibronectin.
iii) Non-specific cell adhesion molecules e.g., Albumin, surfactants and other media 
components.
iv) The properties of the surface e.g. wettability, surface charge.
In this introductory chapter, an extensive literature search is presented in order to 
compile the abundant information which is currently available in this subject area.
Cells in vivo and in vitro cany out two types of interactions, cell-cell and cell- 
surface (Figure 1.1). These interactions are further distinguished by the processes of cell 
adhesion and separation (Grinnell, 1978). Cell adhesion involves the formation of 
attachment bonds between cells or the cell and surface. Cell adhesion results in an 
equilibrium state where the cells maintain a certain morphology and strength of adhesion. 
This is a dynamic process dependent on the rate of initial contact and subsequent 
formation of attachment bonds. However, in the process of cell separation the bonds of 
attachment are broken (Grinnell, 1978). Cells adhere to protein-free surfaces by passive 
physical adsorption, independent of the viability of the cell (Taylor, 1961; Suzuki and 
Sakai, 1991). This type of adhesion is similar to protein adsorption, and is due to 
interactions between the surface and proteins projecting from the cell.
1.1 Anchorage Dependence and cell adhesion
In the culture of anchorage-dependent cells the adhesion and separation of cells 
from their surface is important. These cells are generally incapable of growth and division 
unless they are attached to a surface (Stoker et al., 1968). In recently developed in vitro 
systems, cell adhesion to surfaces has been exploited to further promote multilayers of 
cells, the bulk of which are held together by cell-cell interactions. The process of cell 
adhesion to a surface in static cultures has been observed using light and scanning electron
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microscopy. These observations have shown that cell adhesion can be described in two 
steps (Figure 1.2): a) Protein adsorption and b) cell adsorption and adhesion. The two 
processes can be further subdivided:
a) Protein adsorption. This involves the wetting of the surface and adsorption of large and 
small molecules.
i) Within microseconds the surface is contacted by water molecules, ions and small 
molecules.
ii) Later proteins and larger molecules also make contact with the surface (Hoffman,
1979).
iii) The adsorption of proteins reaches equilibrium within a few seconds or adsorption may 
continue at a reduced rate (Baier, 1975).
SEPARATION
Figure 1.1 Diagram showing adhesion and separation in cell-sutface and cell-cell 
interactions (Grinnell 1978).
3
TIME
1) ADSORPTION 
(Passive)
SECONDS
2) CONTACT 
(Passive)
o MINUTES
3) ATTACHMENT 
(Active) Q HOURS
4) SPREADING 
(Active) HOURS
Figure 1.2. Diagram showing the stages of cell adhesion and spreading on surfaces.
b) Cell adhesion. After 30-120 seconds the process of cell adhesion begins (Baier, 1975).
iv) Cell adsorption, close to the surface.
v) Cell contact with the surface.
vi) Cell attachment to the surface.
vii) Cell spreading on the surface which takes several hours.
During steps vi) and vii) the cells are seen to undergo a change in morphology from a 
spherical to a flattened shape (Witkowski and Brighton, 1971). The process of cell-surface 
adhesion is described in more detail below.
1.2 The process of adsorption of cells onto surfaces
Adsorption of cells on to a surface is known as passive cell adhesion because it 
does not require the cells to be viable and is not dependent on pH, temperature or cell 
integrity (Taylor, 1961). The model used to explain cell-surface adhesion is based on 
resolving the attractive and repulsive forces which act on two solid objects in aqueous 
solutions. The types of forces involved are:
i) London-van der Waal's electrical double-layer attractive forces (Chen and Slattery, 
1982).
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ii) Gravitational attractive forces.
iii) Short range repulsive forces.
iv) Hydration short range repulsive forces (Chen and Ruckenstein, 1989).
The process of adsorption and adhesion has been studied and a model produced using a 
surface force apparatus, SFA (Israelachvili and Adams, 1978). The SFA was used to 
measure the thickness and adhesion force between lipid-protein layers supported on mica 
surfaces. In this technique, two thin sheets of atomically smooth mica were glued to the 
cylindrical surfaces of two glass discs. The discs were then mounted in to the SFA so that 
the two surfaces faced each other with the cylindrical axes at right angles. The separation 
distance between the surfaces was measured to within lA  using optical interference 
technique employing fringes of equal chromatic order. The fringes can be viewed using a 
spectrometer and the real time changes in the surface separation measured at the Angstrom 
level. The two surfaces were made to approach each other or separate with the control of 
1A using mechanical and piezoelectric stages. The top surface was held rigid and the lower 
surface was suspended from a cantilever spring. The force of adhesion between the two 
was measured by monitoring the deflection of the spring (Leckband et al., 1993).
Using the SFA, the process of cell adhesion has been modelled. Initial deposition 
of cells near to the surface is brought about by the force of gravity. Once at this point, the 
cells must overcome the repulsive electrostatic barrier caused by the net negative charge 
found on the cells and most surfaces. The charge on the cell is mainly due to the negative 
charges on the sialic acid residues of the glycoproteins present in the glycocalyx of the cell 
(Leonard et al., 1988). In physiological media this force between the cell and the surface is 
screened by ions present in the medium, the screening distance is in the order of lnm. 
Calculation of the electrostatic force between cell and the surface is further complicated 
because the ionisable groups that contribute to the surface charge may lie a considerable 
distance from the lipid bilayer (<=10nm). In addition, electrodynamic or van der Waal’s 
forces between cells are attractive and of longer range than the repulsive electrostatic 
forces. These forces can be resolved to produce a potential energy versus separation 
distance graph (Bell, 1978) of a cell approaching a surface. This graph shows that cells are 
attracted to a surface until they reach an energy barrier at a distance known as the
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Cells accumulate close to the surface at the secondary minimum because of the 
influence of gravity. They are carried over the potential energy barrier by Brownian 
motion to the distance known as primary minimum (Ruckenstein and Prieve, 1989). Cells 
at primary minimum can contact the surface and the metabolically active ones can begin to 
spread. Therefore, the rate limiting steps in cell adhesion are the contact and spreading 
processes since the cells have to overcome the energy barrier at the secondary minimum 
between a cell and the surface (Weiss and Harlos, 1975).
secondary minimum (Figure 1.3).
Energy
Figure 1.3. Graph of potential energy against separation distance of a cell and surface, 
secondary minimum; primary minimum; potential energy barrier (Ruckenstein and Chen, 
1989).
Some electron microscopy studies have shown that adsorbed serum proteins inhibit 
initial cell attachment to surfaces (Pegrum and Maroudas, 1975). An uncharged surface 
covered with an adsorbed protein layer may actually repel a cell about to adhere to it. This 
is thought to be due to the steric (entropic) exclusion volume occupied by the rigid- 
glycocalyx proteins of the cell plasma membrane and the protein adsorbed to the surface.
6
Before a cell can adhere to a protein covered surface it has to overcome the steric 
exclusion volume (Maroudas, 1975). This is carried out by bridging molecules i.e. 
adhesion factors such as fibronectin (Figure 1.4).
C Y T O P L A S M
Microtubules 
/  ^  Plasma
SOLID SURFACE
R G D  =  A R G - G L Y - A S P  ( A d a p t e d  f r o m  B  a g a m b i s a
a n d  Joos, 1990. a n d  
Burrid ge et al. 1987).
Figure 1.4. Hypothetical model showing how fibronectin effects cell adhesion to surfaces.
The adhesion of anchorage-dependent cells is a fundamental biological process for 
cells in vivo and in vitro. The study of in vitro cell adhesion to surfaces has been used as a 
simplified model for reactions which take place in vivo. Investigations into the phenomena 
of cell adhesion to surfaces have resulted in the identification of many factors which affect 
cell adhesion to surfaces. These factors include: the type of cell e.g. fibroblastic, epithelial, 
the presence of specific cell adhesion molecules e.g., Fibronectin (Steele et al., 1991a), 
and non-specific cell adhesion molecules e.g., Albumin, Antisense oligonucleotides 
(Watson et al., 1992), the properties of the surface e.g. wettability, surface charge. The 
subsequent chapters of this review will expand the work done by others to show how these 
factors affect cell-surface adhesion. The process of cell-cell adhesion is not a subject 
within the scope of this thesis and therefore will not be reviewed. However, it needs to be 
stressed that some common molecules are involved in aiding both cell-surface and some of 
cell-cell adhesion processes and these will be reviewed in the later sections of this 
intoduction.
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1.3 Spreading of cells on surfaces
The spreading of anchorage-dependent cells on surfaces is an active process 
because it requires that cells are viable and metabolically active. Cells adhere and spread to 
surfaces with:
i) High surface energy (Schakenraad et al., 1989a) and where sufficient numbers of the 
surface molecular groups are present to which the cell can attach.
ii) Surfaces with a rigid structure that allows stabilisation of the cell in its spread state. For 
example, agar, has a high surface energy, but its non-rigid structure does not allow 
stabilisation of the spread cell (Maroudas, 1973). This is because a spread cell exerts a 
force on the underlying surface, this force has been measured by growing cells on surface 
films. The strength of a film which is only just capable of supporting cell spreading was 
determined using a modified surface viscometer (Keese and Giaever, 1991). The surface 
shear moduli and surface shear fracture points were measured on films which supported 
cell adhesion and spreading. Films which supported cell adhesion had surface shear moduli 
and surface shear fracture points greater than 15 and 5 dyne cm-1, respectively. Murine 
3T3 cells were shown to require more robust protein films than their transformed 
counterparts, WI38. Opas and Dziak, 1992 used removable, semi-removable and 
covalently bound protein "carpets" on materials to show that rigid surfaces were required 
for cell spreading and proliferation. Films which lacked rigidity did not support cell 
spreading and cell proliferation.
If a surface is suitable for adhesion, the cells then spread by producing cytoplasmic 
'pseudopods (microextensions). These increase :
i) The number of attachment bonds between the cell and the surface.
ii) The strength of cell adhesion to the surface. It has been estimated that there are 
approximately 300 attachment sites between a fully spread cell and the surface (Baltz and 
Cone, 1990).
The production of pseudopodia is a complicated process and the individual reactions that 
take place during spreading are described in more detail below.
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1.3.1 Morphological changes of the cell during spreading
During the first stage of fibroblast spreading, the spherical cell spreads 
isotropically to a discoid shape in which the outer edge of the cell undergoes pseudopodial 
activity. In the next stage, anisotropic, polarised spreading causes the cell to become stellar 
or elongated. At this stage the active pseudopodial regions become separated by stable 
regions. Certain epithelial and endothelial cells may only have the radial stage thus 
retaining the discoid shape (Vasiliev, 1977). However, other types of epithelial cells may 
become elongated and fibroblastic in morphology (Dulbecco et al., 1982).
The type of surface on which the cells are cultivated also influences their 
morphology and polarity. Butor and Davoust, 1992 found that epithelial cells cultivated on 
polycarbonate filters had larger and more numerous microvilli, and smoother basal 
membrane than those cultivated on nitrocellulose filters. However, no attempt was made to 
determine the mechanisms by which the surface properties affected cell morphology. The 
morphology of cells in vitro is dependent both on the source of the tissue from which the 
cells originated and on the conditions under which the cells are cultivated.
1.3.2 Pseudopodial reactions
The pseudopodial activity that takes place during cell spreading can be classified 
into three groups of reactions (Vasiliev, 1985):
a) Pseudopodial attachment reactions, i.e. extension, attachment and contraction of 
pseudopods.
b) Stabilisation mechanisms, by which the cell ’memorises' the results of previous 
pseudopodial activity.
c) Pseudopod-redistributing mechanisms and related reactions controlling the final degree 
of spreading.
These reactions form the basis of all spreading activity.
1.3.3 Pseudopodial attachment reactions
During spreading the cell is in a state of dynamic equilibrium 'feeling' and testing 
the surface around it, and only spreading when it has found an area of the surface with 
suitable adhesiveness (Harris, 1973). It has been suggested that pseudopodial attachment 
reactions be classified into the following stages (Grinnell, 1978):
i) Extension of pseudopods induced by some surface attached ligands, e.g. fibronectin, 
which interacts with groups of cell-membrane associated receptors, e.g. integrins.
ii) Membrane-generated signals induce the transport of cytoplasmic material towards the 
site of protrusion resulting in the formation of a meshwork of microfilaments at this site.
iii) Pseudopods touching the surface can form a specialised contact structure consisting of 
a cluster of membrane receptors linked to the surface bound ligands from the outside and 
to the microfilament meshwork from the inside.
iv) Extension of a pseudopod is followed by contraction of the actin meshwork and 
membrane components attached to the actin meshwork. Conversely, contracting 
pseudopods exert a tension on the surface through the cytoskeleton and contact structures.
When pseudopodia are formed, cytoplasmic material is moved to the site of 
extension, however it is not known what force propels this material or how the dense actin 
network is formed at the point of extension. It may be formed by the polymerisation of G- 
actin, (a cytoskeletal element) or the rearrangement of existing microfilaments (Nachmias, 
1980). What is clear is that actin determines the overall shape of the pseudopod.
After extension of a pseudopod it may be retracted, probably by centripetal 
contraction of the microfilament network within it. The membrane that covers a pseudopod 
maybe made up of redistributed material or localised extrusions of new material at the 
active edge (Dunn, 1980). The extended pseudopod attaches itself to the surface via 
receptors and ligands (Grinnell, 1980).
1.3.4 Formation of cell-surface contact structures
Pseudopods in some cells have the unique ability to form specialised contact 
structures with surfaces. In fibroblasts new focal contacts can only form at the active edge 
of fibroblasts (Birchmier, 1981). The production of pseudopodia of cultured epithelial cells 
only takes place at the lateral contact free edges, the upper surface is non-active. This 
division between the active and non-active areas is only seen in epithelial cells (Dipascale 
and Bell, 1974). These differences in the activity within the same cell may be due to 
several reasons:
i) Extracellular matrix is only secreted directionally by the active edge (Nelson and Ward,
1980). Thus the attachment reactions can only take place in this area.
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ii) Membrane receptor concentration and properties differ between the active edge and 
other parts of the surface (Margolis et al., 1982).
iii) Anchorage of the membrane receptor groups; cross-linked by ligands to the 
cytoskeleton, is greater at the cell’s active edge (Albertini et al., 1977).
The attached pseudopod forms a region of the cell known as the lamelloplasm, this 
region has properties similar to the pseudopod, however, it is constantly subjected to a 
tension, because of interactions with the elements of the rigid cytoskeleton. As a 
consequence of this tension, the cross-linked integrin receptors are cleared from the 
lamelloplasm (Vasiliev and Gelfland, 1977). Thus reactions to the tension cause the 
retraction of the pseudopodia.
Focal contact maturation and reorganisation of matrix structures are thought to 
occur as follows:. Extracellular matrix molecules (e.g. fibronectin, vitronectin), either 
secreted by the cell or present in the serum of the culture medium (Grinnell and Feld, 
1979), are assembled to form the extracellular matrix (Ingber and Folkman, 1989). 
Fibronectin fibre assembly from these free molecules in the culture medium is carried out 
on the surface of pseudopods of spread cells by the following mechanism:
i) fibronectin molecules attach to the membrane receptors (Lyubimov and Vasiliev, 1982).
ii) the receptors having the bound ligand are bought into clusters or patches by other 
multivalent ligands. This causes the aggregation of the fibronectin molecules (McAuslan et 
a l, 1980).
iii) The receptor patches move centripetally along the cell surface. A capping-like process 
draws more aggregates together to form large fibrils of fibronectin (Yamada, 1978; Singer, 
1979).
Generally, therefore, the formation of these fibrils at the cell surface makes up the 
supporting framework which holds the cell in the spread state (Hedman et al., 1978). 
Recent studies have shown that the distribution of fibronectin on multi nucleate giant cells 
at an implant interface did not show this fibrillar network of fibronectin (Smetana, 1992). 
This maybe because these giant cells have an altered cell spreading mechanism.
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1.3.5 Dynamics of cell-surface contacts
Focal-contacts are the most easily observed cell-surface contact structures. These 
are regions where the distance between the cell membrane and the surface do not exceed 
10-15nm. Fully developed (mature) contacts have elongated shapes which can reach 5- 
10pm in length. Focal contacts are thought to be associated with the ends of bundles of 
parallel microfilaments known as stress fibres (Bunidge, 1981). These are formed in a two 
stage process (Geiger, 1983):
i) Initiation, which takes place at the active edge.
ii) Maturation, which is possibly associated with the centripetal tension developed by the 
actin cytoskeleton.
Another cell surface attachment structure that has been observed is the close 
contact, this is an area of the cell membrane that comes within 10-25nm of the surface 
(Abercrombie et al., 1971). Spread cells with close contacts but no focal contacts have 
been observed, and so they may also be important in cell spreading. The exact function of 
close contacts has yet to be fully understood.
New focal contacts are only formed at the sites of pseudopodial activity and are 
absent from under the central part of the cell. They appear from 1-10 seconds after contact, 
and occur as small dots 0.1-0.2pm in width (Bereiter-Hahn et al., 1979). These dot 
contacts may persist for some time, or fade out and disappear. Some may undergo 
maturation whereby they increase in size and become associated with large microfilament 
bundles. As the cell spreads forward the contacts left behind undergo maturation. Forward 
spreading is not always associated with maturation, spontaneous spreading and retraction 
of the active edge may be accompanied by maturation of contacts at this edge.
The hypothetical scheme proposed for maturation of focal contacts is shown below 
(Wohlfart-Botterman and Isenberg, 1976):
i) Membrane components of the initial contact become anchored to the dense network of 
microfilaments formed within the pseudopod.
ii) Maturation of the focal contact is due to the tensile forces exerted upon this contact by 
the actin cortex through the anchored network.
iii) Tension exerted by the microfilament may be needed not only for the formation of
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mature contact, but also its maintenance (Domnina et al., 1982).
It also seems that all the contact sites of the spread cell can interact with each other 
through the attached microfilaments. Therefore the structural integration of the actin 
cytoskeleton determines the cooperation of reactions between all parts of the system of 
contacts. If the cytoskeleton is altered by drugs (eg. Cytochalasin) then the contact 
structure is altered.
1.3.6 Stabilisation of the spread ceil
Distribution of the cell surface sites, where the pseudopods are extended during 
spreading, is highly specific. During the first stages of spreading, this extension is 
restricted to the outer cell edge (polarisation) it becomes further limited to certain parts of 
this edge. The direction of fibroblast polarisation is influenced by many external factors. 
These include differences in adhesiveness and geometrical relief of the surfaces, as well as 
contacts with other cells (Vasiliev and Gelfland, 1981). The cell extends pseudopods in the 
directions where previous pseudopods have attached most successfully and stops extension 
in other directions. Rearrangements of the cytoskeleton play a major role in the 
stabilisation process. These processes can be divided into microtubule-dependent and 
independent processes. This was shown by the effect of various microtubule destroying 
drugs (colcemids) on cell spreading (Vasiliev, 1982). A cell will remain spread with 
pseudopodial activity even in colcemid containing media. Therefore, pseudopodial activity 
is microtubule independent (Vasiliev and Gelfland, 1977). However, polarisation is 
microtubule dependent because addition of colcemid can reverse the pseudopodial process.
Once the stabilisation has occurred bonds of attachment are formed, with protein
coated surfaces the bonds are mediated by specific ligand-receptor-like interactions, e.g.
Integrin-Fibronectin, (Grinnell, 1978). Divalent cations are also involved in active cell
adhesion, i.e. calcium and magnesium ions. These act as bridges between the negatively
charged cell and surface. During the adhesion and spreading process cells take on their
specific morphological characteristics: fibroblasts are thin and elongated, and epithelial
cells are flat and discoid. The pseudopodia which anchor the cells to the underlying surface
undergo a number of highly dynamic reactions. The reactions involve the coordination of
cytoskeletal elements with cell surface receptor molecules and the pseudopods. This results
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in the formation of an extracellular matrix which is laid down by the cells. This acts as a 
scaffold which supports the spread cell. The elucidation of the in vitro process of cell 
spreading may be used as a model for the complex three dimensional interactions which 
take place in vivo. Undoubtedly the spreading reactions and secretion of the extracellular 
matrix by cells on materials implanted into the body is an important factor in determining 
the biocompatibility of a material.
Models of cell spreading show that macromolecular bridging takes place between 
the cell and the surface. These bridges are synthesised by the cells and/or derived from 
macromolecules found in the surrounding environment. Divalent cations such as Ca2+, 
Mg2+ or Mn2+ are also found to be important in stabilising the molecules that make up 
these bridges (Edwards et al, 1987). Ca2+ has been shown to stimulate cell-cell adhesion 
via a family of specific adhesion molecules known as Cadherins. These molecules have 
conformations that are sensitive to Ca2+ (Knudsen et al, 1990). Ca2+ ions have been 
implicated in mediating protein and glucosaminoglycan adsorption to Titanium dioxide 
(Ti02) (Collis and Embeiy, 1992). Ellingsen, (1991) showed that when Ca2+ was adsorbed 
to Ti02, the binding of albumin to the Ti02 was increased. This is because the Ti02 
surface was changed from an anionic to a cationic state after adsorption of the calcium, 
which resulted in an enhanced ability of the surface to bind acidic macromolecules such as 
proteins, glycolipids and lipoproteins (Healy and Ducheyne 1992). The ability to bind 
calcium ions is probably one of the main reasons for the good Ti02 biocompatibility 
property (Ellingsen, 1991).
Mn2+ supplemented media have been shown to stimulate cell attachment and 
spreading on surfaces (Maroudas, 1975). Grinnell and Backman, (1991) showed that Mn2+ 
stimulates cell attachment and spreading on non-adhesive albumin coated surfaces. They 
proposed that Mn2+ interacts with the integrin receptors on the cell surface changing the 
specificity of the receptor. The altered integrin receptor is then capable of binding to amino 
acid residues on the albumin molecules. Beacham and Jacobsen, (1990) investigated the 
effect of Mg2+ on the spreading of Hela cells on collagen. They found that initial events in 
Hela cell spreading were dependent on Mg2+ interaction with the ARG-GLY-ASP (RGD) 
sequences of collagen.
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The regions of the spread cell surface that bridges the cell and the surface are 
known as focal contacts. These were discovered as a result of studies carried out on 
material which was left behind on glass surfaces after cells had been detached from the 
surface by subjecting them to hydrodynamic shear (Weiss, 1961). This material was first 
investigated by using antisera to the same species as the detached cells. Eryth rocytes were 
bound to antisera acting as an indicator that the antibodies had attached to the cell surface 
material (Weiss and Coombs, 1963). Later studies showed that a layer of glycoproteins or 
surface attached material (SAM), was found to be left behind when cells were treated with 
the Ca2+ chelating agent, ethylenebis (oxyethylenenitrilo) tetraacetic acid (EGTA). When 
fresh cells were cultured on this SAM they showed a greater plating efficiency, were more 
spread, resisted crawling over other cells and away from other colonies. These changes 
were seen in both normal and transformed cells (Culp, 1974). Further analysis of these 
glycoproteins suggest that they were composed of hyaluronate proteoglycans, fibronectin, 
proteins associated with microfilaments and other unidentified proteins (Culp, 1976). SAM 
was found to be arranged in focal patterns similar to the footpads by which the cell adheres 
to the surface (Revel et a l 1974).
Cress et ah, 1990 investigated the effect of heat shock (45°C/10 min) on Chinese 
hamster ovary (CHO) cells attached to cell culture surfaces. It was found that cells 
remained attached to the surface during and after the shock whilst the actin microfilaments 
were reversibly disrupted. However, heat shock delayed cell attachment to plastic and 
vitronectin covered surfaces. Analysis of surface attached material SAM showed that it 
was unaltered by the heat shock, however, synthesis of new SAM molecules was delayed 
after the shock. It was suggested that as well as actin microfilament disruption, the cell 
adhesion sites were also disrupted. The ability of cells to attach to vitronectin coated 
surfaces was correlated with the production of two proteins pl50 and pl82. Therefore, 
surface attached material is important in mediating cell adhesion to surfaces.
Little is known about the mitotic division of cells adhering to surfaces and its effect
on cell adhesion. It has been observed that as adhered cells divide they round up and
consequently detach from the surface. Although the cells are detached they remain in
contact with the surface. Once rounded up the cell undergoes division and after division
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the daughter cells reattach and spread on the surface. No studies have been made to 
measure the strength of cell adhesion during mitotic division. However, it is possible that 
the close contact phenomena, mentioned previously, plays an important role in cell 
division.
1.4 Cell surface adhesion phenomena in in vivo applications
A biocompatible material can be defined as one which, when implanted into the 
body causes a "reaction" by surrounding tissues which is appropriate to its function. The 
number of artificial implants which act as replacements for damaged body tissues has 
increased dramatically in the past 30 years (Silver and Doillon, 1989). This is partly due to 
the development of new, potentially biocompatible materials. Most materials implanted 
into the body undergo some type of cell-material interaction. Materials which cause a 
favourable "reaction" with the cells and tissues when implanted into the body are said to be 
biocompatible. The type of "reaction" is dependent on the function of the implanted 
material. For example, materials used as replacement arteries are required to be non­
adherent to platelets and red blood cells. Urinaiy, tracheal and cardiovascular catheters 
need to be non-adherent to the membranes of the organs into which they are inserted. 
Whereas materials used for orthopaedic and dental implants are required to be strongly 
adherent to the surrounding bone and connective tissue cells. Therefore, cellular 
adhesiveness may be considered an important parameter for evaluating the 
biocompatibility of materials.
Two of the most frequently replaced body tissues are skeletal and cardiovascular 
tissues (Ratner et a l 1990). The adhesiveness of new materials which act as artificial 
bones and blood vessels should be similar to the natural tissues. Implant materials which 
act as replacements for cardiovascular tissues come directly in contact with blood. These 
materials must cause the minimum activation of the blood coagulation systems. Vessels 
made of non-biocompatible materials will therefore eventually block. This is because they 
activate the blood coagulation systems (Vroman, 1988), which leads to the formation of 
thromboses (blood clots). The first stage in the formation of a thrombosis on the walls of 
artificial arteries and veins is plasma protein adsorption. The adsorption and subsequent
activation of clotting factors causes a cascade of reactions leading to thrombus formation.
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Studies have been carried out on protein adsorption to natural and artificial blood vessels 
(Leininger et al., 1987). These have shown that the blood clotting factors adsorb to 
artificial blood vessels in a different conformation to natural blood vessels (Vroman and 
Adams, 1969). It is this change in conformation which triggers the cascade of reactions 
which results in thrombus formation.
There are many theories about which particular surface properties of a material 
cause thrombosis. They have determined the direction of the development of 
biocompatible cardiovascular materials. Two approaches to overcome the problem of 
blood biocompatibility have been pursued:
i) Surface modification of existing material surfaces to reduce thrombosis e.g. graft 
polymerisation, (Hoffman, 1988).
Wettability is one of the most the frequently modified surface properties. Hydrophobic 
silicon and fluorine polymers, for example, silastic, teflon and polyurethane (Ito et al., 
1992a, Marconi et al., 1992) have low wettability and reduced thrombogenic activity. 
Therefore, grafting of polymeric fluorocarbon coatings have been found to greatly reduce 
thrombus formation on Polyethylene terephthalate (Dacron) (Garfinkle et al., 1984). 
Materials which were coated with hydrophilic monomers e.g. polyethylene oxide have also 
been shown to resist protein adsorption and cell adhesion (Mori and Nagaoka, 1982).
ii) The development of new cardiovascular materials with modified surface properties. The
surface properties of materials have been changed by altering the composition of material
(Noda, 1991). For example, the surface properties of polyurethane were modified by
changing the ratio of hard glassy/semicrystalline (hydrophobic polytetramethylene oxide)
segments to soft (hydrophilic polyethylene oxide) segments (Ikeda et al., 1991). The
increase in soft segment content of the polyurethane resulted in an increase in
hydrophilicity and activation of the complement via the classical pathway. Takahara et al.,
(1991) changed the surface and bulk properties of segmented polyurethane by changing the
amount of soft segment (the hard segment remained constant) in polyurethane. When the
soft segment was replaced with Polydimethylsiloxane the surface became hydrophobic and
had low platelet adhesion. The polyethylene oxide segmented polyurethane showed
increased platelet adhesion. Cima, et al., (1991) showed that hepatocytes cultured on
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poly(D,L-lactic-co-glycolic acid) had similar cell adhesion and state of differentiation as 
those on collagen. Polyzois et al., (1991) altered the hydrophobicity and lubrication of 
polydimethylsiloxane by incorporating surfactants (siloxane-alkene block copolymers), 
organosilicon quaternary ammonium chloride and an epoxyalkyl silane ester into the base 
material. Chaikof and Merrill, (1990), synthesised poly (ethylene oxide)/polysiloxane 
networks and characterised them using X-ray photoelectron spectroscopy. Surface 
chemical analysis showed improved poly (ethylene oxide) surface coverage with increasing 
PEO content.
Orthopaedic implants may act either as temporary a permanent substitutes for 
bone. Temporary implants take the form of bolts and screws used to immobilise the 
damaged bone whilst the healing takes place. Once healing is completed the devices are 
removed. Permanent implants, e.g. Total hip replacement joints (Arthroplasty), are carried 
out because the joint is so severely damaged that a complete replacement is required to 
take up the function of the natural bone (Hulbert et al., 1971).
The materials which have been most routinely used for orthopaedic prostheses are:
(i) Metals, which include Stainless Steel, Titanium, Titanium alloys and Cobalt-Chromium 
alloys such as Vitallium (Park, 1984).
(ii) Plastics, most commonly Ultra High Molecular Weight Polyethylene, this type of 
polyethylene consists of molecules of 1,5 - 3.0 million molecular weight and a density of >
0.965 g cm'3 (Rostlund etal., 1989).
The metals and plastics used for prostheses have the required strength to make
them suitable for implants. However, they still have the problems of biocompatibility. This
means that the implanted material and its possible degradation products have to be
tolerated by the surrounding tissue whilst the implant is in place (Katz, 1971). The solution
to the corrosion problems associated with metals has lead to the development of materials
which were as inert as possible. These materials reduced the interaction of the surface of
materials with the surrounding tissues. As a result of using these materials, many implants
failed because they became loose in the body (Hughes and Jordan, 1972). However, the
direction of biomaterial design has changed with the advent of surface reactive, or
bioactive materials (Hench, 1980). Some of these materials are based on calcium
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phosphate ceramics, e.g. hydroxyapatite, Ca10(PO4)6(OH)2, is an example of a surface 
reactive material with suitable properties to act as a replacement for bone (Bagambisa and 
Joos, 1990; Ravaglioli et al., 1992), Hydroxyapatite can also be used as a percutaneous 
device to prevent exit site and tunnel infections along peritoneal dialysis catheters (Shin et 
al., 1992). Other bioactive materials include glasses with CaO and P20 5 (Stmad, 1992), 
which have been shown to encourage osteoblast attachment, proliferation and 
differentiation (Vrouwenvelder et al, 1992). Surface reactive biomaterials encourage the 
interaction of the surface of the implant material with surrounding tissues and cells. It has 
been proposed by Hench and Wilson, (1984) that the strong interfacial bonding is due to 
the formation of a calcium-phosphate layer on the surface. Initially, the layer is amorphous 
however, collagen secreted by the cell can interact with the calcium-phosphate and become 
incorporated into the calcium-phosphate matrix as it crystallises. Thus a strong interfacial 
bond linking the cell to the surface reactive material, via the collagen, becomes 
established. This bonding may then encourage better spreading of cells when compared 
with spreading on cell culture polystyrene, alumina or bovine bone. (Malik et al., 1992). 
Sautier, Nefussi and Forest, (1992) observed an electron dense layer of ECM between 
osteoblasts and (hydroxyapatite, coral, cytodex polymer) respectively, however, this 
electron dense later was found prior to the formation of collagen. In this case the surface of 
the materials may be acting as a nucleation site for mineralisation. Van Blitterswijk et al., 
(1991) investigated the integration of Polyactive, poly(ethylene oxide)-poly(butylene 
terephthalate) into bone. Unlike other biomaterials which contain calcium and phosphate, 
the active integration of Polyactive is thought to be due to its hydrogel structure. Doyle et 
al, 1991 used hydroxybutyrate and hydroxyapatite composites as an artificial bone. They 
showed no evidence of a chronic inflammatory response or extensive structural breakdown 
whilst implanted in rabbits for 12 months. The composite encouraged good integration in 
to bone, however, when the composite was subjected to in vitro tests ie. four months at 
37°C, the strength and stiffness were seen to be reduced. Strong bone cell adhesion to 
implant materials can be encouraged by the use of the appropriate biocompatible material.
In vivo tests for biocompatibility involve the implantation of that material into the
tissues of animals. Subsequently the animals are killed and the tissue surrounding the
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implant are examined for any toxic effects. Wu et al., (1990) evaluated an orthopaedic 
polymer implanted into rabbits by examining the tissue response to the material using 
histological methods. Four common findings are: (i) if the materials is toxic, the 
surrounding tissue dies; (ii) if the material is non-toxic but biodegradable, the surrounding 
tissue or a fibrous capsule may replace it; (iii) if the material is non-toxic and biologically 
inactive, a fibrous capsule forms around it; (iv) if the material is non-toxic and biologically 
active, an interfacial bond forms between the material and the surrounding tissue (Hench 
and Wilson, 1984). This type of testing, although necessary before a material can be used 
in humans, has the disadvantage that it is difficult to examine the specific interaction 
between cell and implanted materials because of the complexity of the tissue.
In vitro cell culture systems are playing an increasingly important role in the 
testing of potentially biocompatible materials. The impetus to move from in vivo to in vitro 
test systems is driven by the need to:
i) reduce the number of animals used in in vivo tests.
ii) have cost effective and reproducible tests.
iii) to understand the mechanism of the cell surface interactions and use these as models 
for in vivo reactions.
In vitro biocompatibility test systems act as screens for possible toxic effects of 
potentially biocompatible materials. Initially materials are tested against a range of 
established cell lines (Seitz et al., 1982, Srivastava et al., 1990). These types of cells are 
chosen because of their ease of cultivation and sensitivity to toxic materials at an early 
stage of testing. Materials which perform well in the initial tests are then tested against 
primary or early passage cells which are likely to come into contact with the material in 
vivo. Miller et al. (1989) looked at the effect of potential biomedical polymers on the 
morphology of macrophages that they were likely to encounter in the body. Klein-Soyer et 
al., 1989 used human primary endothelial cells to test the growth and adhesion on 
potentially biocompatible materials.
In vitro testing may not be used solely to determine the toxicity of a material. It can
be used to investigate some other relevant biological parameters, e.g. cell adhesion, altered
cellular morphology, reduced cell proliferation and altered biosynthetic activity
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(Kirkpatrick and Mittermayer, 1990). Thus the suitability of a material to cany out a 
specific in vivo function can be initially screened by in vitro testing, Subsequently, all 
potentially biocompatible materials are required to undergo in vivo testing. This is because 
long-term effects caused by leaching or degradation of the material cannot be easily 
determined using in vitro cell culture.
At some time during most peoples' lives they will come into contact with a 
biocompatible material. These materials may range from artificial arteries to contact 
lenses. The problem with most of the materials used for implants is they do not function as 
well as the natural tissue. For, example orthopaedic implants may corrode or loosen, 
whereas cardiovascular implants make block. The reason for the poor functioning of these 
materials is mainly due to incomplete understanding of cell-material interactions and due 
to the lack of predictable methods for biocompatible material design. In the past, physical 
and engineering properties were deemed the most important properties in biocompatible 
material design. This empirical method of design takes little account of the biological 
properties required for successful integration of the material into the body. It is hoped that 
in the future a systematic approach will be taken in biomaterial design. This must take both 
the biological as well as physical and engineering properties into account during the design 
process, leading to better biocompatible materials.
In vitro cell culture is an important method for understanding how the physical and 
surface properties of a material can affect cell-surface adhesion. Most of the studies carried 
out previously to probe cell-surface phenomena have investigated the growth, attachment, 
adhesion and morphology of cells on materials. Studies have not critically investigated the 
conditions under which the tests were carried out and their relationship to cell adhesion 
e.g. serum concentration, cell type etc.
1.5 Cell adhesion and disease
Cell-cell adhesion is fundamental to the development and organisation of
multicellular organisms. This type of cell adhesion binds cells together to make up tissues
and is involved in the functioning of the immune system. The molecules on the surface of
cells are responsible for modulating the immune response. These molecules are known as
cell adhesion molecules (CAMs), eg. integrin, immunoglobulin superfamily, selectin, etc,
21
they are generally membrane bound proteins. CAMs attached to cell membranes, recruit 
lymphocytes in inflammatory responses. Abnormal alterations in the adhesiveness of cells 
of the immune system play a major role in many diseases, some of these are described 
below.
Inflammation is the process by which leucocytes and serum molecules are diverted 
towards areas of damage in the body. Inflammatory reactions often occur quite 
independently of the immune system following physical injuries (Male et al., 1988). The 
immune system cells circulate as non-adherent cells, however, they become adherent in 
response to foreign antigens. Cells move to sites of inflammation under the influence of 
chemotactic molecules, these molecules induce the directional migration of cells. Firstly, 
inflammatory mediators eg. Interleukin 1 and lipopolysaccharides induce changes in the 
endothelial cells that line the walls of the circulatory system. These changes include the 
expression of cell adhesion molecules (CAMs). Leucocytes attach to the endothelium via 
selectin molecules and begin to "roll" along the vessel. As the strength of adhesive 
interaction between the leucocyte and the endothelial cell increases, stable integrin/Ig 
superfamily contacts are made. The leucocytes then disengage from selectin and migrate 
through the space between adjacent endothelial cells. After crossing the basement 
membrane which underlies the endothelium the leucocytes enter the tissue and migrate 
towards the source of infection by integrin mediated interactions.
Defects in the inflammation process, either acute or chronic responses, may cause 
disease. Acute inflammation is caused by massive neutrophil accumulation, subsequent 
degranulation of the activated neutrophils into the tissue leads to the release of destructive 
enzymes and free radicals normally used to destroy invading organisms. Examples of this 
are post-ischaemic reperfusion injury and shock sepsis (Wegner et al., 1991). Chronic 
inflammation is caused by neutrophil accumulation and extensive lymphocyte involvement 
which can cause auto-immunity. Rheumatoid arthritis is a chronic inflammatory disease of 
the joints caused by the continuous recruitment of inflammatory cells which destroy the 
joint.
There are other diseases which are not caused by abnormalities in the immune
system, however, they are caused by cell adhesion molecules. Cancer Metastasis is a
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process in which malignant cells loose their adhesiveness to tissue cells by expressing 
defective CAMs which allow them to move into the blood stream, they may then attach to 
a cell membrane and move back through the vascular endothelium into another tissue and 
grow causing a secondary cancerous growth (Lauri et al., 1991). Cells are infected by 
viruses which bind to cellular receptors. The virus-cell adhesion interaction triggers the 
virus membrane to fuse with the cell membrane by a process of spontaneous fusion or 
endocytosis. The virus binds to cell surface proteins or sugar residues, these virus receptors 
have also been shown to be adhesion receptors. For example the cell receptor for the HIV 
virus is CD4, an immunoglobulin (Ig) superfamily receptor involved in immune cell 
interactions (Capon et al., 1989).
CAMs are the molecules which activate and cause the migration of cells of the 
immune system, one of the most important process being inflammation. Defects in this 
process leads to many different disease states. In the case of viral infection CAMS are used 
by viruses as adhesion receptors for tire initial cell-virus adhesion process. Therefore, 
CAMs are now being targeted for disease therapy, in most cases monoclonal antibodies are 
being developed to bind to and block the binding of immune cells or viruses to CAMs. 
Summary
Cell adhesion is a fundamental biological process which plays an important role in 
the development and functioning of multicellular organisms. The study of in vitro cell 
adhesion has lead to simplified model systems which have been used to aid the 
understanding of more complex in vivo cell adhesion interactions. These models have been 
used to design improved materials for artificial implants and to understand diseases caused 
by defective cell adhesion mechanisms, which may eventually lead to new therapeutics to 
cure these diseases. The scope of this thesis is restricted to cell-surface adhesion studies, 
and the other complex area of cell-cell adhesion will not be a subject for further discussion.
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2.0 SURFACE PROPERTIES
2.0 Surface properties
Materials exist in either one of three states; gas, liquid or solid. Materials can 
reversibly change from one state to another by losing or gaining energy, this energy is 
usually in the form of heat. The state of a particular material is determined by the energy of 
the molecules and atoms in it. By supplying thermal energy (heat) to molecules they can 
be made to change states. For example, H20  molecules exists as ice, a solid, at 
temperatures below 273K. If enough thermal energy is supplied to ice it turns into a liquid, 
once the temperature rises above 273K. If more thermal energy is supplied to water and the 
temperature rises above 373K, the water changes into a steam, a gas. The molecular 
interactions that take place in the bulk of materials are better understood than those that 
take place at the surface of materials. This is because of the properties of molecules at the 
surface of a material are different and more complex than those in the bulk.
Gases have weak intermolecular forces, so gas molecules are free to move about 
randomly. The energy of the bulk molecules is similar to the molecules on or near the 
surface. Liquids have greater intermolecular forces than gases, and therefore are more 
ordered in structure. Solids have the greatest intermolecular forces, the molecules in solids 
are tightly bound to each other. The molecules in a solid form highly ordered crystalline 
structures. By the nature of their position, interfacial molecules interact with both the 
molecules from the bulk phase of the underlying material, and those from the overlying 
phase. Surface chemistry is a study of the phenomena which manifest themselves at the 
interface between different phases.
2.1 Surface Energy
Molecules on the surface of a material have potential energy because of their
position, this is known as surface free energy (Harkins, 1919). Therefore, surface
molecules have the ability to cany out work, this work can be described as a pressure
(force per unit area). In liquids, this pressure manifests itself as surface tension. Molecules
on the surface of a liquid are under tension because they are subjected to a force from
molecules in the bulk. Therefore, drops of liquids contract under the pressure to form
spherical droplets. Surface free energy does not manifest itself on solid surfaces as surface
tension because of the lack of mobility of the molecules. However, when a liquid is
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contacted with a solid surface, the molecules from the two surfaces interact with each 
other. The interaction of surface molecules of different surface free energies results in a 
mutual imbalance of forces on each surface and a change of interfacial energy (Adamson, 
1967).
Surface tension of liquids can be measured using contact angles (Andrade, Smith 
and Gregonis, 1982). The imbalance of forces on a surface molecules varies widely for 
different substances. The larger this force imbalance, the greater the surface energy and the 
force of attraction between molecules of the surface and molecules in contact with the 
surface. For example, high energy surfaces strongly attract water molecules, thus high 
energy surfaces are hydrophilic. Low energy surfaces do not attract water molecules
strongly and are thus hydrophobic. Therefore, the surface energy of solid materials can be
determined indirectly, this is carried out routinely by investigating the equilibrium of the 
solid/liquid/vapour phases. The point at which the three phases meet and the angle they 
make can be used to describe the surface and interfacial free energy (or tension).
The thermodynamic relationship of the three phase equilibrium (S/L/V) is derived 
from the following principles. The reversible thermodynamic work to create an interface of 
unit area is known as gamma (y), for constant temperature (T), volume (V), and chemical 
potential component i(pi)- Y is also known as surface tension, because of the way surfaces 
contract to minimise surface area, more correctly y is the quantity that describes the 
thermodynamics of an interface. The gamma of a freshly formed interface is known as: 
y =  dw/dA equation 2.1.
i.e. the specific work to form dA new surface area.
The thermodynamics of interfaces are similar to the thermodynamics of 
homogeneous systems except that the work term of conventional thermodynamics must 
include ydA components for interface containing systems. If electrochemical potentials are 
involved in the system then the electrical work component must also be included. The 
most important thermodynamic quantities involved in surface energetics are:
i) Internal energy is defined by the equation:
d E  =  TdS - PdV + Xjqd/Vj equation 2.2.
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ii) Enthalpy is defined by the equation:
d H ^ T d S  + VdP + Z^dN i
iii) Helmholtz free energy is defined by the equation:
dF = -SdT - PdV + Xpid/Vi
iv) Gibbs free energy is defined by the equation:
dG = -SdT +VdP +
equation 2.3.
equation 2.4.
equation 2.5.
Where ^ entropy.
When a new interface is created, dA, there may be a flow of molecules (dAO either 
to, or from the surface. This in turn leads to an excess (or deficiency) of component i,
The surface excess component is used in the study of adsorption.
When a new surface is formed the process can be divided into two parts:
i) the phase is cleaved to expose the new surface.
ii) rearrangement of atoms in the surface to assume their equilibrium position.
In a multi-component system ii) may be combined with the movement of atoms to 
or from the interface and the development of excesses and deficiencies. In solids ii) may 
take place slowly or not at all. Whereas, in liquids i) and ii) take place instantly.
Another thermodynamic component used to describe interfaces is surface stress. 
The work necessary to compress or stretch a surface is known as surface stress. In liquids 
the application of surface stress causes more molecules to join the surface from the bulk. 
This creates a new surface. Therefore, in liquids surface stress is y (the work needed to 
create a new surface), the surface tension. Solids surfaces do not act in this manner. As the 
atoms in solids are immobile, the surface can be stretched or compressed, and the number 
of atoms stays constant. Surface stress manifests itself as only the change in the distance of 
separation between atoms.
2.2 Wetting and Spreading
Spreading of liquid on a solid surface is dependent on the energies of the liquid/ 
solid and liquid/gas interfaces. If the combined energy of these interfaces is greater than 
the solid/gas interface it replaces there will be no spreading. Spreading of a liquid occurs if 
the solid has higher surface energy than the liquid. Surface active molecules cause
n  = dNi/dA -  surface excess of component. equation 2.6.
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spreading by increasing the surface energy of the solid/liquid interface by adsorption to the 
solid surface. The hydrophobic group of the surface active molecule interacts with 
molecules on the surface of the material. This leaves the hydrophilic group of the surface 
active molecule orientated towards the liquid. Thus the surface has been made wettable 
and the surface energy is increased, surface active molecules which cause a surface to wet 
are known as wetting agents (Hills, 1988).
2.3 Adsorption
Adsoiption can be described as a process which causes the concentration of 
molecules at a surface, this results in a decrease in the interfacial energy (Adamson, 1967). 
This process may also be described as the adsorbed molecules taking up some of the 
residual bonding capacity of the surface molecules (Hills, 1988). Surface active molecules 
may also have the opposite property to wetting i.e. they can repel water, these are known 
as water repellants. Surface active molecules deposit onto a surface by the process of 
adsorption. The strength of attraction between the molecules of a solid surface and 
molecules from gases or liquids may range from strong chemical binding (covalent 
bonding) to loose physical attraction (van der Waal's forces). Adsorption occurs because 
like molecules attract each other, in the case of homopathic molecules the new surface is 
similar in character to the old surface. An example of a homopathic molecule is hexane 
which contains only hydrophobic hydrocarbon groups. When it adsorbs to a hydrophobic 
surface the hydrocarbon groups orientate towards the surface. However, this leaves the 
other hydrocarbon groups on the molecule orientated away from the surface. Therefore, die 
surface retains its hydrophobic nature.
In the case of amphipathic molecules (surfactants), only the part of the molecule 
which is similar to the surface is attracted to it. For example, hexanol molecules have 
hydroxyl groups which are hydrophilic and hydrocarbon chains which are hydrophobic. 
Adsorption of hexanol on to an hydrophobic surface results in the hydrophobic chains 
orientating themselves towards the surface and the hydrophilic hydroxyl groups orientating 
away from the surface. This means that the amphipathic molecule presents a different type 
of group on the new surface. Thus the surface has a different character and the nature of 
the surface has changed (Hills 1988).
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The surface chemistry of surfaces used for the cultivation of cells has been known 
to be critical for good cell adhesion. The most important parameters were thought to be 
wettability (Baier, Shifrin and Zisman, 1968), charge type and density. It was found that 
for a variety of glasses a critical density of negatively charged groups per 10A2 was 
required for a surface to become active (Rappaport, Poole and Rappaport, 1961). Studies 
have demonstrated the preferential cell adhesion to wettable surfaces (Carter, 1967). Van 
Wachem et al., 1987 showed that the best cell spreading was found on either positively or 
negatively charged materials.
2.4 Surface characterisation studies
Recent studies are beginning to throw some light on the type of interactions that 
take place between a cell, surface and adsorbed molecules. A number of techniques are 
now available for studying these interactions. Although many of these techniques have not 
been used in the work related to this thesis, a brief description of some of the key 
techniques is presented as they have been used in many of the references quoted in thesis.
i) Light microscopy (LM)
Light microscopy allows the observation of living cells, but has low resolution and 
depth of field. This method is useful for rapid monitoring the behaviour of cells on a 
cultivated surface.
ii) Scanning electron microscopy (SEM)
Scanning electron microscope has a higher resolution than LM and allows the
surface topography to be studied. Scanning Electron microscopy produces X-rays, 
secondary electrons and back-scattered electrons. The secondary electrons are used in the 
image formation for SEM. SEM is used to study surface relief and topography to a 
maximum resolution of 80 Angstroms. The three-dimensional morphology of the spread 
cell has been studied by a non-contacting surface profilometer (laser interferometry) and 
SEM to give a complete three-dimensional quantitative analysis (Schmidt and Black, 
1992). SEM is useful for determining the surface roughness, as well as its effects on cell 
growth, adhesion and morphology.
The use of SEM for the study of biological material is limited by the production of 
artifacts. These artifacts are produced in the fixation and drying of specimens. However,
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critical point drying is still the most appropriate technique for studying biological material 
(Miller et al., 1989).
iii) Transmission Electron Microscopy (TEM)
Image production in TEM is by differential electron scattering of thin (500 
angstroms) sections of prepared material. There is a possible maximum resolution of 5 
angstroms, so it is possible to study the contacts made between a cell and a surface 
(Pegrum and Maroudas, 1975) and alterations in cellular morphology when they are 
adhered to a surface (Doyle, 1980).
iv) X-ray photoelectron spectroscopy (XPS) or Electron spectroscopy for 
chemical analysis (ESCA).
This technique has been used to determine the molecular composition and bonding 
present on a surface. It is based on the analysis of the kinetic energy of photoelectrons 
emitted from a surface when bombarded with a beam of soft X-rays. The low depth of 
surface penetration make XPS suitable not only for probing the surface of native materials, 
but also the materials with adsorbed biological films. This particular technique was 
developed from observations made during investigations of the photoelectric effect. It was 
found that electrons were liberated from a metal in a vacuum, when subjected to a photon 
(light) beam. This effect was then used to measure the photo electron spectra of metal 
excited by an a radiation source. The photoelectrons were collected on a photographic 
plate by passage through a series of slits into a uniform magnetic field. Characteristic 
smears were produced on the plates, their positions were proportional to the radius of the 
path taken by the photoelectrons through the magnetic field and hence their kinetic energy. 
Initially the intensity of the image was scaled by eye, and later a photometer. The 
technique became quantitative when instrumentation was developed to record and quantify 
the spectra of the photoelectrons. From the spectra it was found that each peak was 
characteristic of both the particular electron shell and atom. Thus chemical bonding effects 
were detectable from shifts in the peaks of the photoelectrons (Therrien et al., 1989). For 
examples of the use of XPS in cell adhesion studies see section 1.4.10.
v) Auger Electron Spectroscopy
This technique is based on XPS, except that the auger electron spectra contains
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peaks corresponding to kinetic energy of auger electrons. Auger electrons are produced 
following the creation of a core hole of the electron shell caused by energetic radiation 
usually an incident electron beam. The kinetic energy of the auger electron is a function of 
the energy released when the core hole is filled. The intensity of the energy relates to the 
concentration of the atoms or ions in the volume analysed. The changes in chemical state 
which correlate with chemical bonding are seen as peak shift. Chemical states can only be 
detected if the spectra are narrow peaks. Wide peaks are produced when the core hole is 
filled by electrons from the band structure of the solid. Therefore, AES is more useful as a 
technique for determining the chemical bonding of the atoms within the material 
(Sundgren etal., 1985).
vi) Secondary Ion Mass Spectroscopy (SIMS)
Secondary ion mass spectroscopy is based on the effect of bombarding energetic 
ions on to a surface. These ions are sufficiently destructive to produce monatomic and 
clusters of ions. These ions can be recognised by their mass and related back to the 
chemical environment of the original surface. The ions may be in the form of positives or 
negatives. Metals producing positive ions and oxides producing intense negative spectra. 
However, the predominant neutrals are not measured in the SIMS spectra. As the energy of 
the incident beam increases, the depth of penetration also increases. Thus SIMS has a wide 
range of analysis, and by altering the depth of penetration, a profile can be built up of the 
surface. Veiy fast changes in the penetration distances have been used to study surface 
adsorbed materials (dynamic SIMS). SIMS is especially useful because it can detect 
hydrogen and penetrates deeply into a surface (Davies et al., 1990).
vii) Ellipsometry
Ellipsometry utilises a phenomena which causes a change in state of a polarised 
beam of reflected light in terms of the relative amplitude of the parallel and perpendicular 
components and the phase difference between them (Mandenius and Ljunggren, 1991). If 
the state of polarisation is known, then the refractive and the thickness of the layer 
covering the reflecting surface can be found.
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viii) Infra-red spectroscopy
Infra-red spectroscopy measures the vibrational frequencies of organic molecules 
which have been subjected infra-red radiation. Adsorption spectrum in the region of 450- 
3000cm-1 contains the structural information on the surface molecules. By bouncing the 
infra-red beam through a multiple internal reflection element onto which the sample is 
pressed, a beam penetration of 1pm is possible. Quantification is complicated and errors 
arise due to poor sample contact or beam polarisation (Rosdy et al., 1991, Baier et al., 
1984).
ix) Streaming (Zeta) potentials.
The electrochemical properties of the surface have been investigated using 
streaming potentials. Streaming potential measurements provide information on zeta- 
potential, i.e. net charge potential at the hydrodynamic shear plane of surfaces (Van 
Wagenen and Andrade, 1980). Van Wagenen et al., 1981, measured the streaming and 
zeta potentials on various materials. Hogt et al., 1985 measured the streaming potential on 
polymer films and the effect of incorporating positive and negatively charged groups into 
the polymers. They found that when negative groups were incorporated into surfaces, the 
zeta potential became more negative, and it became less negative or even positive when 
positively charged groups were introduced.
x) Surface energy and contact angles.
The wettability of surfaces is known to be important in cell adhesion. Wettability 
has been used as a way of measuring surface energy. The surface energy of solids can be 
measured indirectly using a drop of liquid placed on a flat non-deformable surface 
(Schrader, 1992), the angle made by the edge of the drop is given in terms of the interfacial 
free energy, by the Young-Dupree equation (1919).
Ysv ~ Ysl = Ylv cos6 equation 2.7.
where:
YSv = surface tension at the interface of solid and vapour phases.
Ysl = surface tension at the interface of solid and liquid phases.
Ylv = surface tension at the interface of liquid and vapour phases.
When a liquid contacts a surface and spreads spontaneously, cos0~O. When a liquid
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contacts a solid surface and cos0 is not equal to zero, the liquid is non-spreading. As the 
spreading of a liquid increases on a surface, cosG decreases, the contact angle therefore 
acts as an inverse measure of wettability.
The problem of using this method to measure surface energy or wettability is the 
difference between the advancing contact angle, 0A and the receding contact angle, 0R. 
The advancing contact angle is measured when a drop advances over a clean dry surface, 
whereas the receding angle is measured when a drop of liquid retreats from a previously 
wetted surface. The most common reason for the difference between 0A and 0R is due to 
entrapment of liquid in crevices in the solid as the drop advances. When the drop recedes 
on the wetted parts of the surface 0R is smaller than 0A. When clean, smooth and 
homogenous surfaces are examined, little difference is found between the 0A and 0R, 
(Neumann, 1973, Everett, 1967). Another problem in obtaining reproducible contact 
angles is the presence of surface active impurities on the surface. Thorough cleaning of the 
solid and the use of pure liquids reduces this problem.
A wide variety of techniques are available for measuring contact angles, the 
commonest being the sessile drop (Zisman, 1964) or adhering gas bubble techniques 
(Fletcher and Marshall, 1982). Direct measurement of the contact angle is made using a 
telescope with a goniometer eye piece. In the sessile drop technique the flat sample of the 
material under test is placed on a horizontal stage between the telescope and the 
illuminating light source. The liquid drop is then introduced onto the sample surface. This 
technique has been refined to give more accurate results which determine the critical 
surface tension. This is based on the rectilinear relationship between the cosine of the 
contact angle and surface tension, made by a series of liquids on a surface. The critical 
surface tension yc for wetting by a series of liquids is defined as the intercept of the 
horizontal line cos0 = 0 with the extrapolated straight line plot of cos0 against yLV (Figure
2.1). This technique is thought to be more of a measure of apolar (dispersion forces) than 
total surface energy. As the critical surface tension is measured in air, it may be not be a 
fair representation of the surface/water interface relevant to biomedical materials (Ko et 
al., 1980). Furthermore, a range of expensive, highly purified speciality liquids are 
required for the measurements (Zisman, 1964).
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Critical surface tension intercept
0  = series of pure liquids
Figure 2.1. Diagram showing the relationship between cosine of contact angle and 
surface tension ofa series of liquids on a material.
The adhering gas bubble technique uses a similar apparatus to the sessile drop 
method, except that the sample of material is placed in a chamber and then immersed in 
the liquid. The gas bubble is produced from a small tip tube with accurate control over 
volume and size. The bubble is carefully allowed to contact the surface. This variation on 
the sessile drop method is useful for probing the interactions that take place on protein 
coated materials because the adsorbed protein is not removed from the aqueous 
environment and therefore is not denatured (Fletcher and Marshall, 1982).
The contact angle of a drop placed in contact with a surface can also be calculated 
from the trigonometric relationship of the measured drop profile dimensions. This method 
is based on the sessile drop technique. However, instead of directly measuring the 
equilibrium contact angle made between the three phases, the contact angle can be 
calculated from the drop height (Laplace, 1806, Bashforth and Adams, 1892).
Measurement of the diameter of a drop of known volume on a surface is another 
method of determining contact angles. This is also based on the sessile drop technique. 
However, the contact angle is calculated from measurements of the diameter of the drops 
on a surface. This technique relates the size of the spread drop to contact angle (Li and 
Neumann, 1992).
The rise up a capillary tube or on a vertical plate by a liquid of known surface 
tension is another method which is used to determine contact angles. The rise in the 
capillary method relies on ' introducing the solid sample vertically in to a liquid and 
measuring the vertical capillaiy rise up the surface (Harkins and Brown, 1919). This 
method is good for measuring the advancing and receding contact angles. Also any 
changes that take place in contact angle during temperature variations can be measured 
accurately. However, this method is best suited to measuring the surface energy of liquids 
because of the difficulty of producing capillary tubes and plates of the many materials 
which may need investigation.
The DeNouy ring technique, (De Nouy, 1919) involves determining the force 
required to detach a ring or loop of metal from the surface of a liquid. This technique is 
only suitable for determining the surface energy of liquids because of the difficulty in 
making rings of the materials under investigation.
In the Wilhelmy plate method, a sample of material is introduced vertically into a 
liquid of known surface tension. The liquid exerts a downward force on to the plate where: 
f =pylv cos0 equation 2.8.
Where p is the perimeter of the plate and y is the surface tension. If depth of immersion is 
not zero, so that a volume V of liquid is displaced:
f =pylv cos0 - V Apg equation 2.9
Where Ap is is the difference in density of the two fluids and V the displaced 
volume. To calculate the surface tension, ylv must be known. The apparatus consists of a 
sample plate which is suspended from a thin wire and connected to an electrobalance. The 
downward force is measured on an electrobalance. The liquid is contained in a beaker 
which is placed on a height adjustable table. This table is moved up and down to determine 
the advancing and receding angle. The advancing contact angle is measured by placing the 
plate approximately 1mm above the surface of the liquid. The liquid is raised until contact 
is just made. In this configuration the plate has zero net depth of immersion and thus does 
not displace any liquid, so equation 2,8 maybe used.
Receding contact angles can be measured by immersing the plate deeply into the
liquid and withdrawing the plate through the same depth of liquid. This is the finite depth
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technique and calculation of the contact angle requires equation 2.9. This technique has 
the disadvantage that the samples must . have similar composition on all sides. Surface 
swelling may change the volume V and mass of the displaced liquid. This method is highly 
accurate and suitable for study of surface energy of solid materials. The plate required 
musts be highly smooth for accurate measurements (Wilhelmy, 1863). The use of 
precision electrobalances to measure the force on the plate accurately makes this method 
suitable for determining the effects of changes in temperature, surface composition and 
adsorption of surfactants to surfaces on contact angles. However, the difficulty of 
producing plates of the material under investigation makes this method most suitable for 
measuring the contact angle of liquids. The Wilhelmy plate method has been used by 
Golander and Pitt, (1990) to characterise hydrophobic gradients on polydimethylsiloxane.
The measurements of contact angles on solid surfaces are subject to interference 
from the following:
i) Surface contaminants, for example mold-releasing agents in polymers or oxide layers on 
alloys (Oshida et al., 1992).
ii) Liquid contamination from surfactants present in the liquid, which may increase or 
decrease the contact angle depending on the surface and contaminant.
iii) Surface roughness can cause contact angle hysteresis. As roughness increases, the 
contact angle increases, surfaces with asperities of 0.1pm to 0.5pm or less do not have 
significant hysteresis (Johnson and Dettre, 1969; Hazlett, 1992).
iv) Surface deformation can cause inaccuracies in contact angle measurements. If a surface 
is deformed when the drop is resting on the surface the contact angle will be different from 
the true equilibrium angle (Hansen and Toong, 1971).
v) Surface swelling and penetration causes contact angle hysteresis. When the drop 
advances over a swollen area the contact angle increases as though the surface is 
hydrophobic. On the otherhand, a receding drop passing over a liquid saturated surface 
decreases the contact angle so the surface becomes more hydrophilic (Timmons and 
Zisman, 1966).
vi) Surface reorientation causes contact angle hysteresis due to the functional surface
groups flipping over. This type of reaction usually results in an increase in contact angle.
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Contact angle studies on polydimethylsiloxane (silicone rubber) show that contact angle 
hysteresis occurs because the siloxane groups on the surface reorientates itself to reduce 
interfacial energy (Holly and Refojo, 1975).
vii) Surface entropy is a source of hysteresis. Surfaces with similar molecular groups, such 
methyl or ethyl groups with the same packing density on the surface would be expected to 
have similar contact angles. However, the mobilities of molecules on the surface increase 
with chain length, therefore surface mobilities also change. Thus contact angles may 
change due to configurational entropy.
Contact angles and surface energy measurements remain one of the simplest ways 
of gaining information on surface energy (wettability) of materials and the effects of 
molecules adsorbed on to the surface of materials (Bee et al., 1992). The sessile drop 
technique has the advantage of being a cheap and simple method. It can be used to 
determine the surface energy of solid materials and the effect of adsorbed biofilms on 
those materials. Other techniques for measuring contact angles, for example the Wilhelmy 
plates are most useful for determining the effect of temperature etc. on contact angle of 
liquids. However, results from any method of contact angle method maybe subject to 
interference from many sources and any results must be carefully interpreted.
2.5 Water structuring on surfaces
The electrical field on a surface, (possibly caused by adsorbed ions, ionogenic 
groups or dipoles) can alter the orientation and thus the structure of nearby water (Figure
2.2). This can cause water molecules within 2nm of the surface to associate to some extent 
with the surface. Although the individual binding energy of each water molecule is small, 
the energy needed to remove large numbers of them from any macroscopic region between 
approaching surfaces is postulated to be large (Owens et al., 1988). Forces associated with 
water structuring at interfaces (Parsegian, 1985) may also contribute to steric exclusion of 
protein molecules.
37
O—H = Water molecule
1)11 = Hydrogen bond 
Figure 2.2 Diagram showing the structure of water.
2.6 Hydrophobic surfaces
The character of a material can be described in terms of the way it interacts with 
water. Materials which are easily wetted by water are said to be hydrophilic or "water- 
loving". Whereas, materials which are not wetted by water are said to be hydrophobic. It 
has been shown that the nature of protein adsorption to a surface is dependent on the 
hydrophobicity (wettability) of a surface. Prime and Whitesides, (1991) used self­
assembled monolayers (SAMS) of omega-functionalised long-chain alkanethiolates on 
gold films to study protein interactions with organic surfaces. They showed that there was 
a general correlation of increasing interfacial free energy with thickness of the adsorbed 
film.
Protein adsorption to hydrophobic polymers, i.e. teflon, polymethylpentene, is 
rapid and virtually non-reversible (Brash and Lyman, 1969). The size (molecular weight) 
of the protein determines the plateau level of adsorption to the surface and an increase in 
entropy (randomness) of the adsorbed protein was noted as the process was taking place 
(Norde, 1980). The displacement of structured water from the surface and the change of 
protein conformation is thought to provide the energy for the entropy increase. The entropy 
gained by the protein may have caused the molecule to expose its hydrophobic groups so
that they faced the hydrophobic polymer (Hoffman, 1974). Although the process has been 
difficult to detect, and some studies have shown that protein adsorbs on to surfaces without 
denaturation (Brash and Lyman, 1969). It is thought that van der Waal's forces are mainly 
involved in the interaction between the protein and the non-polar hydrophobic surfaces 
(Norde, 1980), this is known as "hydrophobic bonding" (Hoffman, 1974). Protein 
interactions with hydrophobic materials can cause changes in the function of the molecules 
involved in cell adhesion. It was shown, using antibody binding techniques, that the 
molecular conformation of fibronectin was altered to a state which allowed poor cell 
spreading on hydrophobic materials (Grinnell and Feld, 1981; Grinnell and Feld, 1982). 
The phenomena of hydrophobic bonding is used in downstream processing of proteins. It 
is based on the interactions between hydrophobic sites on the protein and hydrophobic 
ligands bound to a support matrix. Proteins bind to the support ligand at high salt 
concentrations and are eluted with a gradient of decreasing salt concentration according to 
the differences in their hydrophobicity. The mild conditions protect the tertiary and 
quartemary structures of proteins from denaturation.
2.7 Hydrophilic surfaces
Protein interactions with hydrophilic polymers (more hydrophilic than glass) are 
weaker and reversible when compared with hydrophobic surfaces. Protein interactions 
with hydrophilic surfaces involve more interactions between the surface polar groups of 
the protein (Norde, 1980). Hydrophilic polymers are thought to be able to react with, and 
possibly structure water, this makes it more difficult for the protein to displace interfacial 
water. Therefore an inverse correlation of adsorption level against protein molecular exists 
(Brash and Lyman, 1971). Hydrophilic poly(ethylene oxide) and hydrophobic 
poly(tetramethylene oxide) copolymers were shown to activate the complement system 
(Dceda et al., 1991). The increase in complement activation was shown to be proportional 
to the an increase in the percentage of hydrophilic polyethylene oxide polymer.
2.8 Chemical and physical modifications to surfaces
Cells have been shown to be able to adhere to surfaces of diverse chemical 
composition, the high-energy (hydrophilic) surfaces gave better attachment than low- 
energy (hydrophobic) surfaces (Grinnell et al., 1972). The distinction between high and
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low energy is based on the composition of the surfaces. For example, metals, metallic 
oxides and glasses are high energy and wettable surfaces, whereas low energy surfaces 
tend to have be of organic composition (i.e. native polystyrene, polymethylpentene) (Baier 
et al., 1968). The surface of materials which are not biocompatible can be altered so they 
have the desired properties. Many techniques have been used to modify materials to 
improve their biocompatibility or cell adhesion properties (Table 2.1). These treatments 
usually cause an increase or decrease in hydrophobicity (Dwight, 1982). The treatments 
are thought to produce modified surface groups (hydroxyls, carboxyls and aldehydes) 
which increase the wettability of the surface. The hydroxyl, carboxyl and aldehyde groups 
are capable of hydrogen bonding with water molecules. The presence of these molecules 
on the surface of polystyrene increases its suitability for use in cell culture. These 
treatments are discussed further in the next sections.
2.8.1 Physical deposition of coatings
The surface properties of materials can be physically altered by coating the surface 
with an overlying material. The overlying coating materials are usually polymeric. 
Folkman and Moscona (1978) used varying thicknesses of poly (Hydroxyethyl 
methacrylate), (polyHEMA) coatings to change the hydrophobicity and cellular 
adhesiveness of native polystyrene. Microcarriers have been developed from polyHEMA. 
It was found that by altering the amount of dimethylaminoethyl methacrylate (DMMA) in 
the polyHEMA matrix, an optimum positive charge which gave the best cell adhesion was 
found (Kiremitci etal., 1991).
Takezawa et ai, (1990) coated treated polystyrene petri dishes with a conjugate of 
poly-N-isopropyl acrylamide (PNIPAAm) and collagen. It was shown to be a good surface 
for cell adhesion and growth. PNIPAAm is a material which becomes soluble in water at 
temperatures below 32°C. This is known as its Lower Critical Solution Temperature 
(LCST). Once the temperature is increased above the LCST the PNIPAAm becomes 
insoluble and hydrophilic. So cells growing on PNIPAAm can be detached from it without 
using trypsin or EDTA by cooling it to below itsLCST (Takezawa et al., 1990).
Desai and Hubbell, (1991) incorporated water soluble polyethylene oxide,
polyvinylpyrrolidone and polyethyloxazoline molecules into three biomedical polymers:
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Polyurethane, polymethylmethacrylate and polyethylene terephthalate. The technique 
involved immersing the biomedical polymer into a solvent which also dissolved the water 
soluble polymer which was to be incorporated into the surface. This resulted in swelling 
and loosening of the surface of the biomedical polymer, thus allowing the water soluble 
polymer to diffuse into the surface. After defined time periods, water was added to quench 
the system. This caused the surface network to collapse and to entrap the water soluble 
molecules. Contact angle measurements showed that the hydrophilicity of various water 
soluble polymers with different chain lengths was similar. However, it was found that 
when polyethylene oxide 18500 was incorporated into the surface it showed the lowest 
protein adsorption and poorest cell adhesion. The effectiveness of this polyethylene oxide 
18500 at reducing cell adhesion and protein adsorption are thought to be due to its 
optimum chain length which allowed stable incorporation into the polymer surface. The 
modified material presented polyethylene oxide groups on its surface and inhibited protein 
adsorption by steric hinderance. In a later publication, this material was implanted into the 
peritoneal cavity of mice. The inflammatory response to the implanted material was mild 
and showed little fibrinolytic encapsulation (Desai and Hubell, 1992).
Sheu et al., 1992 immobilised a range of surfactants poly(ethylene oxide)/ 
poly(propylene oxide)/poly(ethylene oxide) into low density polyethylene oxide. They 
deposited the surfactants on the surface by solvent a swelling and evaporation method and 
then immobilised them in the surface by inert gas discharge. ESCA and contact angle 
measurements showed an increase in the surface oxygen to carbon ratio, and increased 
wettability. Fibrinogen adsorption was found to be lowest on surfaces with high 
poly(ethylene oxide) content.
2.8.2 Chemical modification
Chemical modification of native polystyrene to increase its suitability for cell 
culture has been carried out by washing with concentrated sulphuric acid (Martin and 
Rubin, 1974, Matsuda and Litt, 1977). Attenuated reflection infra-red spectroscopy 
showed that sulphonation of the surface occurred only in the outer most layer, or in a thin 
layer no thicker than a single molecule. Contact angle measurements of the treated surface
showed these to be an increase in hydrophilicity from 90° untreated, to 31° treated.
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Sulphuric acid and sodium carbonate rinses were also used to modify polystyrene for cell 
culture, (Sullivan and Rosenbaum, 1967). Rubin, 1966 showed that alcohol rinsing of 
polystyrene improved the surface for cell attachment.
Okkema and Cooper, (1991), incorporated carboxylate and/or sulphonate ions into 
polyetherurethane by chemical grafting. Hergenrother and Cooper, 1992 blended propyl 
sulphonated polyurethane with unsulphonated polyurethane. Both groups investigated the 
physical and blood contacting properties of the modified surfaces using contact angle 
analysis and canine ex vivo series shunt experiments. Treatment of the polyurethane 
increased water absorption and surface polarity. Contact angle measurements showed that 
the propyl sulphonate treated polymer was more polar than the carboxylate treated 
polymer. The propyl sulphonate treated polymer had significantly lower platelet deposition 
and activation whilst exhibiting enhanced fibrinogen deposition. Woodhouse and Brash, 
1992 found that polyurethane containing lysine, adsorbed slightly more fibrinogen than 
sulphonated polyurethane. Nair et al., 1992, synthesised polyurethane with interpenetrating 
polymer networks (IPN) of vinyl monomers i.e. polyvinyl pyrrolidone, poly(methyl 
methacrylate) and poly(hydroxyethyl methacrylate). They characterised the polymers 
using contact angle measurements (underwater captive bubble method) and attempted to 
correlate them with the histological response when implanted into rabbits. They found that 
materials which were of a defined hydrophobicity or hydrophilicity were best to be 
integrated into the rabbit.
Polystyrene was chemically modified to incorporate surface sulphonate and 
various amino acid sulphamide groups. These molecules were then tested in vitro for their 
ability to remove human procoagulant factor VIII (FVHI:C). This is important because 
when factor VIII is administered to some haemophiliacs antibodies are produced which 
neutralise FVIII:C. It is hoped that polymers used in extracorporeal devices will reduce the 
concentration of these antibodies. Boisson-Vidal et al., (1991) showed that polystyrene 
substituted with glutamic dimethyl ester acid and/or hydroxyproline antibodies also 
removed FVffliC from solution.
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2.8.3 Graft polymerisation
High-energy irradiation has been used to produce modified surfaces of polymers. 
The radiation is used to create reactive sites on the surface of the materials to which other 
molecules can be bound. Therefore, the character of the surface is altered to give it 
properties which make it suitable for cell adhesion and growth. This type of surface 
modification has been carried out by three techniques:
a) irradiation of the polymer in a vacuum at low temperature in the absence of oxygen. The 
irradiated polymer is then reacted with a monomer to induce grafting (Carenza et al.,
1990). Grafting of mono-, bi-, tri- and tetra-methacrylates to poly(vinyl fluoride) polymer 
film resulted in increased cell growth. The increases in growth was shown to be related to 
increases in the wettability of the surface of polymers. The surface chemistry of the 
polymers was investigated by measuring the wettability of the polymers by contact angles 
(Y oshii and Kaetsu, 1983).
b) to irradiate the polymer in the presence of air or oxygen to produce peroxy or 
hydroperoxy groups on the polymer matrix which is further used in thermal or redox 
initiations for grafting. Ethyl-vinyl-acetate polymers (EVA) and Poly(vinyl chloride) 
(PVC) have been used as surfaces to which N,N-dimethylaciylamide (DMAA) was 
grafted. Uyama et al., (1991) found that the EVA and PVC surfaces grafted with DMAA 
had lower frictional surfaces than untreated surfaces. This makes them suitable for 
catheters because they can be smoothly inserted into the body.
Kishida et al., (1991) used corona discharge to graft ionic and non-ionic monomers 
to polyethylene. When anionic styrene sulphonic acid (NaSS) was grafted to polyethylene, 
cell attachment and protein adsorption was high compared to anionic 2-acrylamide-2- 
methyl propane sulphonic acid (AMPS). Characterisation of these surfaces using zeta 
potential (£, surface charge) measurements showed that both had high negative charges. 
The difference in adhesion on these two surface was thought to be caused by a steric 
exclusion barrier set up on the surface of the AMPS. Non-ionic acrylamide grafted 
polyethylene had zero zeta potential and cell attachment and growth was inhibited. It was 
concluded that the cell growth rate on these materials was independent of zeta potential 
(surface charge).
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c) direct irradiation of the polymer in the presence of monomer(s) to effect grafting 
(Tanfani et al., 1991). The effect of these modifications depends on the type of monomers 
which are grafted. A combination of 2-hydroxyethylacetate (HEMA) and TV-vinyl 
pyrrolidine (NVP) grafted to poly (vinyl chloride) (PVC) using y radiation, caused the PVC 
to become highly hydrophilic. No studies were made of cell adhesion on the modified 
surfaces (Kalliyana Krishnan et al., 1990).
2.8.4 Plasma discharge
Plasma's are usually produced when electrical energy is transferred to a gaseous
medium. The source of electrical energy is a radio-frequency or high tension discharge 
equipment. Ionisation and excitation of the gas eventually leads to chemical changes as 
bonds are broken and new ones formed. Conditions for producing plasma’s vary over a 
wide range of pressures and voltages. As the pressure of the gas decreases the 
corresponding voltage required to produce the plasma decreases. When organic molecules 
are introduced into the vapour of the discharge gas they are bombarded by electrons with 
high enough energy to break carbon-hydrogen bonds leading to free radicals and other 
chemical species. At low pressure, most of the ion-electron recombination (neutralisation) 
occurs at surfaces in contact with the plasma. When this ionisation energy is released at an 
organic surface, the chemical structure may be disrupted. Thus the surface properties of 
organic surfaces are modified.
Modification of polymeric materials by plasma discharge is a popular method of 
altering the properties of a surface (Kaplan and Rose, 1991). The result of this treatment on 
polymeric materials is an increase in the hydrophilicity and adhesiveness of the surface. 
Treated materials then become more adhesive to cells (Amstein and Hartman, 1975, Smith 
et al., 1975). Safranj, et al., 1991 showed increased immobilisation of antibodies on glow 
discharge treated surfaces for diagnostic immunoassay applications.
Plasma's are highly energetic and reactive mixtures of ions and electrons. There are 
three types of plasma’s:
a) Thermal plasma’s are produced by arc welders, they have temperatures of between 
5000° and 50000°K. The gas, ions and electrons are in equilibrium.
b) Cold plasmas are produced by glow discharge, (seen typically produced in neon signs).
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The gas and gaseous ions range from ambient temperature to a few hundred degrees K. 
However, the velocity electrons when converted to its thermal was equivalent to several 
thousand degrees K. In these plasmas thermal equilibrium does exist,
c) Hybrid plasma’s of a) and b) are made up of numerous tiny thermal sparks uniformly 
distributed throughout a large volume of non-ionised gas. Hybrid plasma's are produced by 
ozoniser and corona type discharges (Bradley and Fales, 1971).
Yasuda, (1976) described three classes of effects which can be achieved with 
plasmas, the first being gas reactions which produce new chemical products. For example 
the combining of nitrogen and hydrogen to produce ammonia. The second reaction is 
polymerisation, this leads to deposition of thin polymer films on the electrodes. This is 
because organic monomers in the vapour state, like other gases, are ionised by 
bombardment with electrons. Such ions when neutralised have excess energy that leads to 
rapid polymerisation. Solid films of excellent chemical and thermal stability and good 
insulating properties can be prepared from organic vapours.
The third type of plasma reaction produces effects at the at organic polymer 
surfaces in contact with low temperature plasma’s. Energetic species from the plasma 
break organic bonds with evolution of gaseous products (e.g. hydrogen from 
hydrocarbons) and the formation of carbon free radicals. These radicals cause the chemical 
reactions at the surface of the material. These reactions can be classified into five groups:
a) Recombination is a process which takes place when the rate of production of surface 
radicals is high and air is excluded, a tough cross-linked shell is formed that can offer 
protection against solvent attack, penetration of vapours or ions in solution, or thermal 
disorientation (Williams and Hayes, 1967).
b) Oxidation, including oxidative degradation in oxygen containing plasma. This surface 
excitation leads to adsorption of oxygen and formation of a polar surface of ketone, 
hydroxyl, ether, peroxide and carboxylic acid groups that are more hydrophilic than the 
untreated surface. Plasma exposure of surfaces leads to improvements in cell adhesion 
(Kaplan and Kelleher 1970). The structure of native polystyrene is shown below:
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The structure of polystyrene after treatment for cell culture is shown below:
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The production of positively charged polystyrene has been carried out by Falcon
laboratories, this product is known as Primaria™. It has been modified by covalently 
introducing nitrogen radicals conferring a positive surface charge. The nitrogen radicals 
form surface amino groups which may become positively charged in aqueous 
environments. Positively charged surfaces have been shown to be adhesive for cells in 
culture (Klein-Soyer et al., 1989). The surface structure of Primaria™ treated polystyrene 
is shown below:
N H  H H O H
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c) Peroxide formation takes place when a surface is exposed to an argon plasma and then 
to air, the surface chemistry is complex but there is a high proportion of reactive sites 
converted to the peroxide form (Briggs 1982). In the following reaction sequence, R-H can 
represent any organic polymer surface with carbon-hydrogen bonds susceptible to 
dissociation by exposure to plasma.
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R - H ----- ►
(organic polymer
with C — H bonds) air
R-0~0<-------------- R-H --------►
H* ?H2
argon disharge
R-O-O-R + radicals 
and
(peroxy
radical) (peroxides)
Since peroxides are known to act as initiators for vinyl polymerisation, it follows
that under suitable circumstances a vinyl monomer will react with the peroxide group to
produce a graft copolymer with the surface.
For example
+ *OH
CPL=CH-COOH
R-O-O-H  2--------------- ►RO— *CHL
UH-COOH
(peroxide (acrylic acid) (propagating
site) radical)
Some peroxide groups are indefinitely stable under ambient conditions, but at
slightly elevated temperatures they can initiate polymerisation readily. Thus discharge
treated surfaces have reactive sites for grafting or bonding.
d) Interfacial recombination takes place after a surface is exposed to plasma, the increase 
in wettability and number of reactive sites increase interfacial bonding (Briggs and Kendall 
1979). This means that certain films can be bonded together without adhesives (Blythe et 
a l,  1978).
e) Initiation of grafting. The free radical sites formed on a film surface by exposure to a 
plasma can be employed directly to initiate polymerisation, with the new polymer bonded 
to the surface by carbon-carbon linkages, for example,
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Lee et al., 1992 have produced gradients of wettability on polymer surfaces (Low
Density Polyethylene) using corona discharge. The polyethylene was treated by corona
discharge, as the electrode was passed along the polymer surface the power was increased,
thereby increasing the intensity of the discharge. The effect of the varying discharge on the
polymer was investigated with contact angles, FTIR, XPS and SEM. It was found that
contact angles measurements made along the length of the surface decreased. The decrease
in contact angles (increase in wettability) was shown, (using FTIR and XPS) to be due to
the increasing oxidation of the polyethylene surface.
2.8.4.1 Effect of aging on plasma discharge treated polymers.
It has been shown that age has an effect on the surface modification, most 
commonly the hydrophilicity is lost. The mechanisms for this change in hydrophilicity is 
thought to be due to the following:
i) Reorientation of surface hydrophilic groups away from the surface.
ii) Migration of untreated polymer chains from the bulk to the surface.
iii) External contamination of the polymer surface.
iv) Changes in surface roughness.
v) Loss of volatile oxygen-rich species to the atmosphere.
Van der Mei et al., (1991) showed that the ability of corona discharge modified 
surfaces to recover their hydrophobic nature was significantly reduced if they were 
repeatedly glow discharge treated. Strobel et al., 1991 published results which contradicted 
these findings, they showed that air corona treated polypropylene films did not change 
their C/O atomic ratio's as function of time under various storage conditions. However, 
they did show a slight decease in wettability upon aging (30 days), this was attributed to 
reorientation of oxidised functionalities in the surface. Morra et al., 1990 showed that 
when polydimethylsiloxane surfaces were oxygen plasma-treated, the surface tension of
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the samples increased. When the treated samples were aged (79 hours) in low energy 
medium (air) they returned to being a low energy surface. However, when the treated 
samples were aged in a high energy medium (water) they retained their high surface 
energy. The mechanism of aging in air was probably due to diffusion of polar groups into 
the bulk and and from surface condensation of silanol groups. Sterret et al., 1992 found 
that plasma treatment of two polyurethanes resulted in increased contact angles, depending 
on whether the plasma treatment was carried out in CH4 or CxFy atmosphere. However, the 
contact angle of polyurethane treated in 0 2 or 0 2/CF4 atmosphere decreased. It was seen 
that as the contact angle decreased, protein adsorption was increased.
2.8.5 Plasma discharge deposition of Diamond-like Carbon coatings
Diamond-like Carbon (DLC) is an example of a polymeric film which is deposited 
on the surface of materials (Bundy et al., 1955). This type of film has properties which 
resemble diamond. Diamond is a rare allotrope of carbon, it is the hairiest known material 
and chemically inert. It is highly insulating and is transparent from the far infra-red to far 
ultra-violet.
Diamond-like carbon films are the products of efforts to grow diamond by Ion- 
beam processes (Angus and Hayman, 1988). Hard carbon films were first deposited on 
materials from carbon ions. The principle behind the technique is that the energy required 
for thin-film nucleation and growth may be obtained from the kinetic energy of an 
accelerated ion beam of the deposition material rather than by heating of the surface 
(DeVries, 1987). When ions of the material to be deposited are accelerated in a beam 
towards the surface, the kinetic energy of arrival on the surface, can be controlled by 
modification of the surface potential. The equivalent thermal energy of the arriving ions 
can be quite large, in the order of 105°C. The deposition takes place in a low pressure 
environment (10*6 Torr). Because of their higher energy, the surface mobilities of the 
incident atoms (and surface atoms) are increased and this can lead to novel films 
(Aisenberg and Chabot, 1973). The orientation of the sample to the beam source have been 
shown to alter the properties of the deposited film. Surfaces coated with the incident beam 
grazing the surface result in coatings which are transparent (Dehbi^Alaoui et al., 1991). X-rcuj 
diffraction studies of DLC films showed that hydrogen was significant in promoting
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tetrahedral bonding of the C:H structure (Newport et al., 1991). It has been suggested that 
DLC films have properties which make it suitable as a coating for bioengineering materials 
(Evans et al., 1991). However, to date very little has been done to show whether this 
material has properties which are suitable for in vitro or in vivo applications.
2.8.6 Biological modifications of surfaces
Biological modifications of the surface of materials have been carried out in an 
attempt to prevent the adverse reactions caused by the interaction of artificial materials 
with cells and tissues of the body. A coating layer of cells or biological molecules is used 
to mask the artificial surface from the body. When a biologically modified material is 
subsequently implanted, the body is presented with a more natural surface. The simplest of 
these modifications involved pre-seeding a polymer surface with cells (Herring et al.,
1984), or extracellular matrix molecules, e.g. fibronectin (Sentissi et al., 1986, Seitz et al., 
1982, Doillon et al., 1987, Bordenave et al., 1992, Hess et al., 1992) or bioactive 
fragments of cell adhesion molecules (Olivieri et al., 1990). The modified surfaces were 
then shown to support good cell growth and adhesion in vitro. An anti-Hageman factor 
coating of aluminium oxide and polyurethane surfaces increased the adsorption of albumin 
and fibrinogen (Sharma and Sunny, 1990). Bakker et al., 1991 showed that an adenosine 
phosphatase (ADPase) coating of vascular prostheses reduced their thrombogenic activity 
in vivo.
The grafting of bioactive fragments of extracellular matrix molecules to surfaces of
materials has proved to increase the adhesion of cells to surfaces. Plasma polymerisation
was used to attach vinylacetate groups to the surface of the material. The extracellular
matrix molecule, Gly-Arg-Gly-Asp-Ser (GRGDS) was then covalently hound to the
hydrolysed surface acetate groups (Breuers et al., 1991). In another study Hubble et al.,
(1991) covalently attached the peptide ARG-GLU-ASP-VAL (REDV) to non-adhesive
surfaces (Massia and Hubbell, 1990). It was found that platelets and fibroblasts did not
spread on the REDV coated material. However, endothelial cells adhered and grew well on
the coated material. The REDV coating may be suitable as an artificial vascular material,
which selectively binds endothelial cells. Anderheiden et al., 1992 have followed a similar
approach, they bound a Gly-Arg-Gly-Asp-Ser (GRGDS) to an OH functionalised
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poly(carbonate urethane). They showed the similar cell growth on treated and untreated 
polyurethane. Lin et al., 1992a carried out further work with GRGDVY and GRGDSY 
grafted on to polyurethane, both surfaces supported cell adhesion and spreading even 
without serum in the culture medium. However, GRGDVY supported a larger number of 
cells which were better spread than the GRGDSY surface.
Lysinated and sulphonated polyurethanes were synthesised in order to produce a 
surface which would bind plasminogen, the principal protein in the fibrinolytic pathway, 
in order to increase blood compatibility. It was found that twice as much fibrinogen 
adsorbed to the lysinated and sulphonated polyurethane than the glass control (Woodhouse 
et al., 1992). Various poly(amidoamine) (PAA) oligomers were on the surface of 
poly(ether urethane amide)s (PEUam) the modified surfaces were shown to increase 
heparin adsorption (Tanzi et al., 1992). Llanos and Sefton (1992) chemically attached 
heparin to poly(vinyl alcohol) (PVA) using poly(ethylene glycol) as a spacer molecule, 
this modification reduced the thrombogenicity of the PVA. However, platelet destruction 
was increased on the modified surface. Two forms poly(ethylene glycol), (the monoacid 
and diacid), were grafted on to cellulose membranes. Both types of PEG reduced 
complement activation, however, grafting of the diacid form of PEG increased the 
adsorption of bovine serum albumin, /-globulin and increased blood clotting when 
compared to the diacid grafted or the untreated surface (Kishida et al., 1992a).
Insulin, collagen and transferrin have been immobilised on hydrolysed 
poly(methylmethacrylate), fibroblast growth was seen to be accelerated when cultivated on 
insulin and transferrin. However, although collagen enhanced cell spreading, it did not 
significantly increase cell growth (Ito et a l, 1991). In later experiments, Ito et al., 1992b, 
synthesised non-thrombogenic surfaces by immobilising synthetic fluorescent substrates 
for thrombin on to polyurethane. The thrombogenicity of polyurethane surfaces was 
investigated by reacting the thrombin with the fluorescent substrates attached to polymers. 
Results showed the immobilised fluorescent thrombin made the polyurethane non- 
thrombogenic. Bemacca et al., (1992) modified specific functional groups on collagen to 
investigate their influence on the thermal stability and calcification of bovine pericardium.
Iron (ID) citrate and acyl amide activation treatment reduced calcification. Bioprosphethic
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heart valve tissue was modified to reduce calcification by covalently binding protamine 
sulphate. This tissue had lower calcification, but poorer mechanical properties and tissue 
architecture than the untreated surface (Golomb et al., 1992). In another study collagen 
was crosslinked with glutaraldehyde, formaldehyde or cyanamide, these treatments caused 
the collagen to become more hydrophilic. However, severe dehydration treatment caused 
the films to become more hydrophobic. The severely dehydrated formaldehyde crosslinked 
collagen showed much lower platelet attachment. Fibroblast adhesion and growth was 
good on most films except for the aldehyde cross linked collagen, this effect may be due to 
cytotoxicity (Cote and Doillon, 1992). Kobayashi and Ikada, (1991) also showed that the 
cell adhesion proteins could be grafted on to poly(vinyl alcohol) using cyanogen bromide 
or hexamethylene diisocyanate, however, protein adsorption or cell adhesion studies were 
not carried out on the grafted surfaces. Liu et al., (1992) immobilised insulin on both 
polymethylmethacrylate and polyethylene terephthalate. Fibroblasts cultivated in serum- 
free medium on these modified surfaces were shown to have accelerated cell growth rates. 
The immobilisation of biomolecules on surfaces using photoactive polymers as linkers 
between the biomolecule and the surface is being developed. Strepavidin, insulin and 
encephalin molecules have been already been immobilised on polystyrene surfaces (Sigrist 
et al., 1992).
It has been postulated that cells are capable of modifying the surface to which they 
are adhered^  this process has been demonstrated in vitro (Hoover et al. 1984). Cell 
adhesion was found to be greatest on the potentially oxidisable surface (Poly 1-4, 
Butadiene and Polyisobutylene). Polyisobutylene and poly 1-2, Butadiene were shown to 
be readily oxidisable by baby hamster kidney cells (BHK) after 30 minutes exposure at 
37°C. This oxidation effect was thought to be due to the production of leucotrienes 
(Hoover et a l 1984), which are a family of metabolites formed by the action of 
lipoxygenase on arachidonic acid, (a C«> unsaturated fatty acid), acid. These molecules are 
synthesised in endothelial, smooth muscle cells, macrophages, platelets and tumour cells, 
and incorporated into cellular lipids, predominantly as phospholipids. They have been 
shown to induce the retraction of endothelial cells, a critical step in the metastasis of 
tumours. These molecules may also modify the integrin receptors found on endothelial
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cells, allowing tumour cells to bind. (Honn et al., 1989). The influence of ethanol on cell 
adhesion was studied by Silberman et al., 1990, they showed that ethanol treatment caused 
the cell membrane to become more fluid and increased cellular invasiveness. These 
observations were correlated with the production of spike-like structures on the cell 
surface. Similar processes may occur in vivo, resulting in the loss of adhesiveness which 
allows cancer cells to escape from a tumour and be carried in the blood stream. The cancer 
cell may then increase its adhesiveness by expressing fibronectin molecules on its surface 
(Nicholson and Winkelhake, 1975) and then adhere to the wall of the blood vessel and 
invading other tissues.
Modifications of the surface of materials have been employed extensively in order 
to make them suitable for cell growth. These modification are summarised below:
i) Physical deposition of coating.
ii) Chemical modification.
iii) Graft polymerisation.
iv) Plasma discharge.
v) Pre-adsorption of proteins.
vi) Cell seeding.
In addition a combination of physical, chemical and biological modifications have 
been used to produce new materials. These new materials have bioactive fragments of 
extracellular matrix molecules which closely resemble the in vivo extracellular matrix. The 
bioactive molecules are grafted on to the surface of the material using physical and 
chemical modification methods. It is expected that some of these materials will closely 
mimic the in vivo environment, however, many of these novel materials have yet to be 
tested for in vivo compatibility.
2.8.7 Surface chemistry effects on cell adhesion phenomena
Many studies in cell adhesion have been carried out in order to determine the
complex macromolecular interactions which take place between the cell and surface. The
use of chemically modified surfaces, with predominantly one type of surface group, has
enabled fundamental chemical and molecular interactions to be studied. Initial
investigations compared the growth of cells on native polystyrene with other chemically
54
and physically modified polystyrenes. Optimal cell spreading was found on polystyrene 
treated by plasma discharge and on native polystyrene which had been sulphonated by 2 
minutes exposure to sulphuric acid. Surface charge densities (SCD) were determined by 
measuring the binding of the cationic dye, crystal violet. These results were checked 
against a standard radio-tracer method for determining SCD. The results of these 
examinations found that the surfaces of both the plasma discharged and sulphonated 
polystyrenes were saturated with electronegative groups, presumed to be carboxyl groups. 
This was confirmed using the technique of Auger Electron Spectroscopy. The optimum 
SCD was found to be 2-10 negative charges per nm2 of surface area (Maroudas, 1977).
The best cell spreading has been found to occur on both positively and negatively 
charged materials. Positively charged materials were also shown to support good cell 
adhesion and growth (Hattori et al., 1985). They also correlated growth and attachment 
with zeta potentials of the materials. Studies have also been carried out to determine the 
relationship between surface free energy and adsorption/desorption of proteins. Baszkin 
and Lyman (1980) investigated the nature of protein films adsorbed to polymers. They 
showed that the adsorbed layer was dependent on balance of dispersive and non-dispersive 
forces (Busscher and Arends, 1981) at the polymer protein interface.
XPS studies have been carried out on plastic surfaces altered by electrical 
discharge and chemical treatments. These showed that the strength of cell adhesion was 
enhanced by those physical or chemical treatments which oxidised the surface of the native 
plastics. This was shown to be due to an increase in carboxyl groups on the surface of the 
plastics (Ramsey et al., 1984). Leucocyte adhesion to polyurethane was increased when 
poly ethyleneimine and poly acrylic acid (positively charged molecules) were immobilised 
on its surface. These modifications introduced amine and carboxylic acid groups into the 
polyurethane (Johannes et a l , 1992).
Surfaces unsuitable for cell adhesion and spreading (e.g. polystyrene and
polyethyleneterephalate PET) were modified using Radio Frequency (RF) plasma etching.
This treatment deposits a thin layer of polymer on to the surfaces from the ionised gas
environment. The effect of changing the gas environment was shown to alter the
adsorption of cell adhesion molecules (Fibronectin) and clonal growth of cells on the
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modified surfaces. The best surfaces in terms of fibronectin adsorption and cell plating 
efficiency were on the plasma treated surfaces with an acetone atmosphere. Using XPS, 
the increase in fibronectin adsorption and cell plating efficiency was attributed to an 
increase in C-0 functionalities (Chinn et al., 1989).
Other investigations have used chemicals to selectively block the hydroxyl, 
carboxyl, and aldehyde groups on a range of plastics. Materials which have hydroxyl 
groups on the surface have been found to be most important (Curtis et al., 1983). It was 
also found that the optimum density of hydroxyl groups for BHK cell adhesion was 2000 
per lx l0 'n cm2. At both higher and lower densities of hydroxyl groups cell adhesion was 
reduced. One interpretation is that at higher densities of hydroxyl groups, the surface 
becomes too "mobile", i.e. the hydroxyl groups move around and prevent stabilisation of 
the adherent cell (Curtis et al., 1986). For example, it has also been shown that heavily 
hydroxylated hyaluronic acid is non-adhesive for cells (Forrester and Wilkinson, 1981). 
Lee et al., (1991) treated a range of polymers by Radio frequency plasma discharge 
(RFGD). They used XPS to analyse the treated surfaces and measured the number of cells 
attached after 2 hours. The results showed that cell attachment after 2 hours was related to 
the number of hydroxyl groups on the surface of the material which had increased after 
plasma treatment.
Studies have been carried out which relate surface energy to cell adhesion and 
spreading. Cell spreading was shown to be dependent on the polar (hydrophobic) surface 
free energy. Cells spread poorly on surfaces where the polar surface free-energy was lower 
than 5 erg cm-2. Best spreading occurred when the polar surface free-energy was higher 
than 15 erg cm-2. Cell spreading was found to be dependent on the dispersive (hydrophilic) 
component of surface free-energy (van der Valk, 1983). Serum protein adsorption was 
determined on a range of polymers with differing surface energies, protein adsorption 
resulted in convergence of the surface energies of the materials to a similar value, although 
the trend of high on the high energy surface and low on the low energy surface was still 
evident (Schakenraad et al., 1988). Cell spreading was was also related to surface energy 
(Schakenraad et a l,  1989b). However, Olivieri et a l, (1990) related surface free energy to 
the optimal cell attachment of surfaces coated with mussel adhesion protein, Cell Tak.
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Protein adhesives like Cell Tak are biocompatible because they have low immunogenicity 
and are non-toxic (Olivieri et al., 1992). They have the ability to adhere and cure in moist 
environments (Strausberg and Link, 1991). It was shown that, for maximal cell attachment, 
the polar surface energy component values of approximately 12 dynes cm-1, in conjunction 
with a critical surface tension above 30 dynes cm-1, axe achieved at Cell Tak 
concentrations of 2pg cm'2. Busscher et al., 1992 produced super hydrophobic 
fluoroethylepropylene-Teflon (FEP) surfaces by ion etching and subsequent glow 
discharge. There was an increase in roughness after ion etching and the contact angle to 
increased from 120° to 140.° However, after the glow discharge the roughness was 
decreased and the contact angle increased to >140°. Busscher et al., 1991a. carried out cell 
adhesion and spreading measurements using super hydrophobic FEP-Teflon, untreated 
FEP-Teflon and a hydrophilic Teflon prepared by glow discharge. It was shown that 
human fibroblast cells spreading and adhesion after 2 hours was best on the hydrophilic 
FEP-Teflon, slightly less cell spreading was found on the untreated FEP-Teflon and lowest 
cell spreading on the super hydrophobic FEP-teflon.
Horbett et al., (1989) found that cell growth and fibronectin adsorption was 
directly related to the hydrophilicity of Hydroxyethylmethacrylate (HEMA) and 
ethylmethacrylate (EMA) copolymers. As surface hydrophilicity of the HEMA/EMA 
copolymers was reduced the critical shear stress for detachment of cells was decreased 
linearly. Lewandowska et al., (1989) compared an untreated glass [SiOH] surface with 
chemically derivatised groups attached to them. These derivatised groups were [CH3], 
[C=C], [Br], [CN], [Diol], [COOH]. Staining of the cytoskeleton of the cells showed that 
spreading on each surface varied considerably. The variation in spreading was shown to be 
directly related the hydrophobicity of the material. Dekker et al., (1991a) found that cell 
attachment on hydrophobic polytetxafluoroethylene (contact angle 96°) was increased 
significantly when radio frequency plasma discharge treated (contact angle 15-58°). The 
decrease in contact angle and increase in cell attachment was also related to an increase in 
protein adsorption on the modified material. Van Wachem et al., 1987 showed that cell 
adhesion was optimum on surfaces with contact angles 0R of 39° using the Wilhelmy 
balance method.
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There seems to be some controversy regarding which specific surface groups are 
required for cells adhesion. Some studies have shown that hydroxyl groups are the most 
important, whilst others have shown that the carboxyl groups are the most important. 
However, in almost all of the studies reported in this review the cells are cultivated in the 
presence of serum proteins. Serum proteins are surface active molecules, which means that 
they are likely to instantaneously adsorb to the surface of the material before the cell 
adhesion begins. The surface will therefore be coated with proteins. Therefore, the cell 
attachment results may bear no direct relationship to the bare surfaces, as characterised by 
XPS and/or contact angles. However, the nature of the surface molecules will influence the 
type of protein adsorption onto the surface, and subsequently the cell adhesion properties. 
Therefore, it is proposed that molecules on the surface of a material indirectly affect the 
cell attachment, by primarily influencing protein adsorption.
2.9 The effect of the surface on the morphology of cells in culture
The morphology of cells in culture has been shown to be dependent on the physical 
nature of the surface (Harris, 1973). Cells attached to a surface may spread out into highly 
polarised shapes, in the direction that produces least curvature of the cell (Ivanova and 
Margolis, 1973). This orientation is due to the rigidity of the microtubule and 
microfilament elements of the cytoskeleton (Dunn and Heath, 1976). At the ventral, under 
surface of cells attached to glass, electron-dense regions are found, these have been termed 
as adhesion plaques (Abercrombie et al., 1971). Tranqui et al., (1992) developed a novel 
technique of investigating adhesion plaques, using a bacterial toxin streptolysin O, which 
perforates the mammalian cell membrane. When cells already adherent to fibronectin 
coated surfaces were perforated, 75% remained adhered. On the other hand, perforating 
these anchorage dependent cells whilst they were in suspension (i.e. prior to adhesion), 
resulted in only 25% of the supended cells actually adhering to the surface. 
Immunofluorescence was used to show that the adhesion plaques on the underside of the 
adherent cells remained intact. Rovensky, et al., (1991) showed that cells could adhere and 
spread on the tips of silicon spikes which were separated by long distances (greater than 
the diameter of the unspread cell, 5-30pm). This shows that cells do not necessariliy 
require flat surfaces for anchorage and spreading.
58
The adhesivity of polystyrene treated for cell culture has been precisely varied by 
applying different concentrations of poly (2-hydroxy ethyl methacrylate). The extent of cell 
spreading was accurately controlled so that cells were held at a series of quantitated cell 
shapes. Serial dilutions of the polymer were introduced on to the culture surface. The 
resultant films varied in thicknesses between 35 to 0.0035 pm. Cells grown on the thickest 
film were the least adherent and spherical in shape. Cells grown on the thinnest film had 
the flattest shape. DNA synthesis, and thus the rate of cell division was measured by 
monitoring the uptake of radio-labelled thymidine. When the cells reached confiuency they 
had the lowest rate of cell division (and incorporated the least thymidine) and maintained 
the most spherical shape. However, when the cells were inoculated at a sub-confluent 
density on a film of polyHEMA, (which gave cell shape equivalent to confluent cells), 
their cell division was reduced to a rate similar to confluent cells. In non-transformed cells, 
cell shape has been shown to be coupled to DNA synthesis and cell division (Folkman and 
Moscona, 1978).
The spatial organisation of the extracellular matrix (ECM) has been shown to 
affect fibroblast activity. Fukamizu and Grinnell, (1990) monitored the effect on fibroblast 
activity when the spatial organisation of the extracellular matrix was reorganised by 
addition of fibronectin and Transforming Growth Factor-Beta (TGF-J3). TGF-p increased 
ECM synthesis and reorganisation, but did not affect the rate of cell proliferation. 
However, once ECM reorganisation was completed cell proliferation stopped. Addition of 
fibronectin to the fibroblasts delayed ECM reorganisation, possibly because of increased 
cell-surface adhesion and greater tensile forces exerted between the cell and ECM. Inger 
and Folkman, 1989 found that ECM components acted locally to regulate growth and 
pattern regulating actions of soluble fibroblast growth factor (FGF).
Britland et al., (1992) used a photolithographic technique to produce micro- 
patterned surfaces of vaiying adhesiveness. They showed that precise regions of 
differential cellular adhesiveness could be produced on surfaces. It is proposed that this 
type of micropattemed surface may be used to study the response of cells to the effect of 
vaiying surface adhesiveness.
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2.10 Movement of cells in culture
Whilst in a static culture, with uniform surface chemistry, fibroblasts and epithelial 
cells are usually stationary. However, in vivo fibroblasts migrate into a wound to take part 
in the repair process. This wounding process has been simulated in vitro with a confluent 
monolayer of cells grown on cell culture polystyrene, On scraping a group of cells from 
one area, cells from the surrounding area crawl back into the empty space and begin cell 
division (Folkman and Moscona, 1978). When a fibroblast in culture is in motion, it is 
often roughly triangular in top view. One side of the triangle forms the front, or leading 
edge, and the cell tapers off behind to a narrow trailing edge (Bretscher, 1987). The 
morphology and movement of cells in culture can vary depending on the nature of 
underlying surface. Studies have shown that cells will move to areas of surfaces with the 
greatest adhesivity. This type of cell movement (migration) is probably similar to that of 
fibroblasts involved in the wound repair. A similar type of migration of cells probably 
takes place when a material is implanted into the body. Therefore, the changes of cell 
morphology and movement are additional parameters for consideration in material 
biocompatibility.
2.11 Measurement of adhesion and detachment of cells
The measurement of cell adhesion to various surfaces has been used as one of the 
ways of determining the biocompatibility of a material. Materials which have poor cell 
adhesion properties are potentially useful as artificial blood vessels. Materials which have 
good cell adhesion properties maybe used in the replacement of bone because a strong 
bond between the surface and cell is required. The amount of force required to remove 
cells from a surface is dependent on:
i) The type of cell under investigation. Spier et al., (1987) found a difference between the
strength of adhesion of BHK, Vero and MRC5 cells. Andre et al., (1990) employed 44
different cell adhesion assays on ten human melanoma cell lines. The parameters included
passive deformability, active spreading, density and mobility of concavalin-A,
spontaneous concavalin-A-mediated agglutination and the binding to capillary surfaces.
They showed that each cell line had different adhesion properties and three of the
parameters were found to be useful for cell line classification. These parameters were a)
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cell spreading at 37°C. b) Adhesion on a solid surface, c) Agglutination induced by low 
concavalin-A concentrations.
ii) The culture conditions in which the cell is placed i.e. the media composition. Wentz and 
Shiigerl, (1992) investigated the influence of lactate, ammonia and high osmolarity on cell 
adhesion. They found that addition of ammonia or lactate did not significantly affect cell 
adhesion, however, high osmolarity (640mOsmol H) caused fewer cells to adhere to the 
surface.
iii) The length of time that the cell has been in contact with a surface, prior to testing. This 
is important when the cells have only been in contact with the surface for a short period of 
time because the cells may not have completed the adhesion and spreading processes. 
Longer incubation of cells with a surface allows the cells to spread and adhere firmly. The 
result is that a larger force is required to detach cells from the surface (Lotz et al., 1989).
iv) The type of surface. The surface properties of the surface i.e. surface energy, surface 
charge etc. influence cell adhesion to surfaces, and these have been discussed previously.
v) The method of measurement. Some methods do not measure the force required to 
detach cells, but the percentage of cells left adhering to a surface when subjected to a 
known force. The sections below review the methods of measuring cell adhesion.
2.11.1 Micromanipulation
This method has been used to determine the force required to remove a single cell 
from a glass surface. By inserting a needle into or by sucking on the cell, the bending 
moment on the needle and thus the force required to cause detachment was calculated 
(Gingell et a l 1986). In this study it was found that similar forces were required to 
remove erythrocytes attached to hydrophobic and hydrophilic glass.
2.11.2 Centrifugation
Red blood cells were allowed to adhere to surfaces for a set period of time under
gravity. Counts of adhered cells within a set field were made. The coverslips were then
transferred, along with their media, to the centrifuge and subjected to a force either normal
or tangential to the surface. After centrifugation at defined forces and time intervals,
counts in set fields were made and the percentage number of cells still left adhering were
calculated (Trommler et a l 1985, George et al., 1971). Trommler et al., (1985) found that
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erythrocyte adhesion to glass was dependent on the ionic strength of the medium (1.5mM 
phosphate buffered saline, PBS) when adhering under the influence of unit gravity. 
However, the strength of erythrocyte adhesion to glass was found not to be dependent on 
the ionic strength in the range of 3-110mM. George et al., (1971) found that charged 
groups on the surface of erythrocytes did not significantly affect their adhesion to glass. 
Erythrocyte adhesion to serum and plasma coated glass was shown toAcliminished by two 
unidentified heat-labile factors.
In other studies adherent cells were allowed to attach to slides and spread to form 
monolayers. The surfaces were then subjected to varying centrifugal forces, tangential to 
the slide (Easty et al., 1960). The use of centrifugation in this configuration produced a 
gradient of forces set up along the slide. By measuring the distance from the centre of the 
rotor to the area on the slide where cells were detached it was possible to determine the 
minimum force required to detach cells (Hertl et al., 1984a). Easty et al., 1960 showed that 
adhesion of HeLa cells was reduced by subjecting them to certain enzymes i.e. lipase, 
elastase, acid phosphatase and trypsin. It was found that various chemical and physical 
treatments (such as plasma discharge or acid treatment) of hydrophobic polystyrene and 
hydrophobic polymethylpentene increased the strength of cell to those materials.
2.11.3 Laminar flow in tubes and chambers
Cells were either, allowed to adhere to a surface for a certain period of time and 
then placed in a flow chamber, or grown directly on the surface of the flow chamber. In 
both cases they were subjected to a defined laminar shear for a specific time interval. Once 
in the chamber the cells were observed detaching from the surface. Radial laminar shear 
flow techniques are based on the principle that as a fluid radiates from a source, the 
decrease in shear force is directly proportional to the distance from the source. This 
technique allows adherent cells to be subjected to a wide range of forces and can determine 
the shear forces which are required to detach cells that have just attached to the surface or 
which have adhered for 24 hours or more (Spier et al., 1987).
The CAMM (or cell adhesion measurement module) was used to determine the
critical shear forces required to allow attachment and cause detachment of cells to glass
and polystyrene surfaces. The CAMM consisted of two discs, a given distance apart, fluid
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was pumped at a constant flow rate through a hole in the centre of one of the top plate. The 
fluid flowed radially from this source, producing a laminar shear force gradient on the 
lower plate. The force decrease was proportional to the decrease in the velocity of flow 
from the source. The CAMM was a sophisticated piece of equipment which was time 
consuming to set up and required a 30 minute flow period to test for cell detachment.
As result of these problems the CDD (or cell detachment device) was developed 
(Spier and Fowler, 1987), it was based on the principles of the original CAMM. The CDD 
uses the radial laminar shear method (RLSM) for measuring the strength of cell adhesion, 
(Crouch et al.. 1985). The CDD consisted of a circular orifice in the centre of a movable 
flat plate. The plate was held horizontal at a constant distance from the test surface by 
supports around the circumference. Liquid was ejected from the orifice onto the test 
surface for defined time and at a constant flow rate. By vaiying the flow rate it was 
possible to induce a laminar flow between the plates. The radius of the zone of cleared 
cells was used to calculate the the critical shear stress required to detach cells from the 
surface. The shear force in conditions of laminar flow was calculated by:
7b =
Where To = Surface shear force (Nm-2).
Ql  = Flow rate (m3s-1).
t| = Viscosity (Kgm-1s-1).
d/2 = Critical radius (m).
H2 = Distance between plate and dish (m).
Sarwar and Whish, (1990a) used a parallel plate chamber with a tapered inlet and 
outlet port to determine the strength of adhesion of Mouse L929 cells to microscope slide 
glass, they found that the strength of cell adhesion was 53Nm-2 using this particular device. 
They also selected for low adhesion mutants by trypsinising cells, allowing them to adhere 
to the surface for 1 hour, and subsequently collecting the unattached cells. These cells were 
allowed to adhere for a further hour and the unattached cells were collected. This was 
repeated a further three times, and the strength of cell adhesion was measured for each set
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of collected cells. The strength of cell adhesion was reduced to 49Nnr2 in the second set of 
cells and then cell adhesion significantly in the third, fourth and fifth sets of tests to 
29Nm-2, 28Nm'2 and 27Nm-2 respectively. The strength of cell adhesion was also 
measured on each set of cells after passaging every three days, and was shown to remain 
stable for 5 passages (15 days). After a further two passages all the cells regained there 
normal strength of cell adhesion. They also found that the strength of cell adhesion to 
fibronectin (25pg ml-1) coated glass increased to 65Nnr2, and further increases in the 
fibronectin concentration did not increase the strength of cell adhesion. Addition of the 
tetrapeptide Arg-Gly-Asp-Ser depressed the strength of cell adhesion to 28Nnr2. Sarwar, 
and Whish (1990b) measured the strength of cell adhesion of a variety of cell lines, they 
found that each cell line had a characteristic reproducible adhesion value when they tested 
the cells at the same time after removal from liquid nitrogen. It was also reported that BHK 
21 cells decreased their strength of adhesion when passaged a number of times, however, 
results or values supporting this phenomena were not presented.
2.11.4 Jets of fluid
This technique used a jet of fluid ejected through a nozzle onto a surface 
containing adherent cells. The velocity of the jet was increased until the cells just started to 
detach from the surface (Gail and Boone, 1972). Using this velocity, the force required to 
detach the cells was determined. It was found that both BALB/3T3 and SV3T3 cells 
adhered less strongly to cellulose acetate than pyrex glass. They also showed that as the 
surface adhesivity increased, the cell motility was reduced.
2.11.5 Hydrodynamic shear
Laminar shear was applied to a surface with adherent cells, the shear field was set
up in the fluid overlaying the cells by a rapidly spinning disc. The numbers of adherent
cells were counted before and after shearing, and the percentage of cells detached were
determined (Weiss, 1961). Weiss found that the strength of adhesion increased over the
first 48 hours of cell culture, and then declined. Recently Horbett et al., (1988) used this
method to measure the strength of adhesion to a range of polyHEMA/EMA copolymers.
They showed that the strength of cell adhesion ranged from 18 dynes cm’2 to 0 dynes cm-2
as the HEMA concentration of the copolymer was increased. The decrease in the strength
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of adhesion was thought to be due to the increase in hydrophobicity of the copolymers. 
However, measurements of hydrophobicity were not made. Therefore, it was not possible 
to relate the strength of cell adhesion to the wettability of the surface.
Levesque et al., (1990) showed that when bovine aortic cells adhered to cell 
culture treated polystyrene subjected to laminar shear forces >15 dyne cm-2 there was a 
reduction in cell proliferation. At a level of 90 dyne cm-2 cell proliferation was arrested for 
48 hours, cells subjected to pulsatile laminar shear forces showed this effect but it was 
greatly exaggerated. Bovine aortic cells adhering to glass showed a similar pattern of 
responses except the cells were more sensitive to the laminar shear force. Ludwig et al., 
(1992a) determined the effect of shear stress (0-2.5Nnr2) on BHK cell viability, 
morphology, lysis and size using a parallel plate flow chamber (Kretzmer and Schiigerl, 
1991). They found that increasing shear forces as well as exposure level caused increasing 
changes in cell morphology and death. These studies were carried out over durations up to 
24 hours, and this may account for the effects seen at the low shear stress levels. In further 
investigations Ludwig et al., 1992b measured the time taken for BHK21 C13 cells to 
round up from a surface and undergo mitosis (24 minutes) and spread back on to the 
surface (10 minutes). The length of time taken for the rounding up and mitosis did not 
change significantly whilst the cell was subjected to shear. However, the time taken to 
spread back on to the surface was found to increase as the shear stress increased when the 
cells were subjected to shear stress (0-4.5 Nm'2). Van Kooten et al., 1992a subjected 
human skin fibroblasts growing on hydrophobic and hydrophilic surfaces to a range of 
shear stresses in parallel plate flow chamber. Cells were allowed to attach for 3-6 hours 
and the cells were subjected to an incrementally increasing shear stress. Cells were 
detached from hydrophobic and hydrophilic surfaces at values of 2.2 dynes cm-2 and 324 
dynes cm-2, respectively. Further work by Van Kooten et al., (1992b) showed that human 
skin fibroblasts were detached from the hydrophobic surface at a value of 0.6-3.5 x 10'10 N 
per cell and 9.9 x 10"9 N for hydrophilic materials
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Method Advantages Disadvantages
Micromanipulations -Visually observable 
-Can change length 
of time the force 
was applied.
-Complicated
equipment.
Centrifugation -Simple equipment 
-Accurately applied 
force.
-Discrete 
forces applied.
-Time consuming. 
-Cannot visually 
observe cell detachment.
Laminar flow in 
tubes and chambers
-Visually observable. 
-Simple equipment 
-Can change both 
length of time 
and amount of force 
applied.
-Force difficult to 
characterise, 
-complicated 
apparatus.
Jets of fluid -Visually observable. 
-Can change force
-Force difficult to 
characterise.
Hydrodynamic methods -Gradient of
forces.
-Accurate.
-Force difficult to 
characterise.
Table 2.2 Summary of the advantages and disadvantages of the methods for measuring cell 
surface detachment forces.
A variety of other methods have been used to measure cell adhesion to surfaces. 
These methods have directly measured the number of cells which have attached to a 
surface after a certain period of time, the cells are usually allowed to settle under the force 
of gravity. The adhesion is an indirect measure of the number of cells which became 
attached to a surface or the percentage of cells that adhere to a surface in a certain time 
period. These methods include:
i) Gravitational detachment. In this type of experiment a known number of cells was 
allowed to adsorb onto the surface. During this time the cells were only subjected to the 
force of gravity. After a specified period of time the number of cells not attached was 
determined. When the number of cells which remained unattached was subtracted from the
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number inoculated on to the surface, a value for the number of attached cells was 
determined (Taylor, 1961). It was found that cell attachment and spreading ,on glass 
occurred rapidly in protein-free medium. The addition of proteins or serum inhibited initial 
cell attachment. A similar inhibitory effect was found using microexudates from cells,
ii) Elution through a packed column. A known number of cells in suspension was passed 
through a column of beads. The number of cells in the eluant was determined. Subtraction 
of the final cell number from the initial cell number yielded the number of cells that 
adhered to the surface (Weiss and Blumenson, 1967). In this study the attachment of 
erythrocytes to hydrophilic glass and hydrophobic siliconised glass was found to be 
dependent on the surface wettability with low concentrations of serum or in the absence of 
serum. In the presence of 100% serum the attachment of erythrocytes was independent of 
surface wettability.
c) Deposition on a prepared surface followed by a gentle rinse. A known number of cells 
were allowed to adhere to a surface under the influence of gravity. After a period of time 
the cells were dislodged from the surface using a gentle rinse of fluid. The rinse was 
generated by flowing a known volume of fluid through a pipette and a syringe, in a defined 
time. The distance and angle of fluid contact with the surface was kept constant. This was 
used to calculate the force that cells were subjected to. The number of cells accumulating 
in the fluid was a measure of the number of cells detached by a particular force (Weiss, 
1972).
d) Electrical measurements have been used to monitor cell attachment and spreading.
Mitra et al., 1991, measured the changes in electrical impedance of cells as they attached
and spread on tissue culture polystyrene. Electrodes were placed on the cell culture treated
polystyrene surface and coated with various proteins. As fibroblasts attached and spread on
the surface, the electrical impedance changed. The impedance change was proportional to
the area blocked by the spreading cell. The method was shown to be comparable to
conventional assays for cell attachment and spreading. Subsequent work (Lo et al., 1993)
showed that the motion of confluent cells attached to the surface caused fluctuations in the
electrical impedance. When cells were subjected to lower temperatures, or deprived of
external nutrients or treated with cytochalasin D, the movement of cells and the impedance
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was decreased.
To summarise, the vast majority of studies carried out on cell-surface adhesion, do 
not quantify the strength of cell adhesion. In most investigations, adhesiveness of surfaces 
was measured as a function of the percentage of cells attached to a surfaces after a certain 
period of time (Grinnell, 1972). In other studies cells have been subjected to a defined 
detachment force and the percentage of cells still adherent were determined (Horbett et al.,
1988). Only a few studies have investigated and quantified the force required to detach a 
cell from a surface. In order to logically compare all the previously reported values 
obtained for the strength of cell adhesion, the properties of the surface must be consistent 
in all the studies. In addition the test method which is used may show different results for 
the same type of cell. In Table 2.3 one sees that there is a significant difference in the 
values for the strength of cell adhesion, when comparing different test methods and cell 
lines. This variation has been noted previously (Hubbe, 1981). If one assumes, as many 
have (Hubbe, 1981), that the different methods for measuring the strength of cell adhesion 
give rise to the same type of forces, then this assumption is very erroneous. For example, 
during centrifugation the force can act normal or perpendicular to the cell, whereas shear 
forces tend to act normal to the cell. It is therefore not advisable to compare results of 
strengths of cell adhesion when different methods are used. Extreme caution is also 
prescribed when using the assumption that the strength of cell adhesion for different cell 
types is the same. This point requires further investigation. For example, it is possible that 
the strength of cell adhesion of fibroblasts differs from that of epithelial cells (Jansen et al.,
1991), and indeed the strength of addition of cells of the same morphological 
characteristics may also be different.
In the investigations carried out in this report, the radial laminar shear method 
using the CDD was chosen as the preferred method for quantification of cell adhesion. 
This ODD employs very simple equipment and can be used to carry out numerous tests 
because it does not require complicated and time consuming equilibration. The cells are 
subjected to a gradient of laminar shear force, however, by simply measuring the radius of 
the zone of detachment, the force required to detach the cell can be determined.
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Method of detachment Vero BHK Rat
cells cell Gingival
cells
Centrifugation 13.2Nm~2
(1.1 x 10-4) 
Hertl et al., 
1984a.
Hydrodynamic shear _ 53Nm'2 9.9Nm'2
(4.2 xlO-4) (7.8 xlO-5)
Sarwar and Easty et al.,
Whish, 1990a. 1960.
Laminar shear 3.57Nrrr2 4.47Nnr2
(2.8 xlO-5) (3.5 xlO-5)
Rosen and Spier et al.,
Culp, 1960. 1987.
Table 2.3 Comparison of the force required to detach various anchorage dependent cells 
from cell culture polystyrene using centrifugation, laminar shear and hydrodynamic shear. 
Bracketed figures are the equivalent force expressed as Newtons per cell. The surface area 
ofa cell is assumed to be 7.9 x 1 0 6 cm2 (Hertl et al., 1984a).
The RLSM technique using the CDD was employed in this study because it is a 
simple, reproducible cheap and rapid method. However, it is clear that the RLSM still 
requires further refinement, standardisation and validation. An extensive standardisation 
study was carried out during the course of the investigations in this report. The technique 
was then used to study the effect of protein and surfactant adsorption on various surfaces. 
In the following sections, the fundamental theory and related to protein/surfactant 
interaction with cells will be reviewed.
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3.0 PROTEINS AND SURFACTANTS
3.0 Protein structure
Proteins are macromolecules ranging from several thousand to several hundred 
thousands molecular weight. These molecules, as well as having a diverse range of 
structures also show a wide range of biological functions. Proteins are polymers of amino 
acids, in nature there are twenty different amino acids. These are capable of linking 
together in head to tail fashion to form a polypeptide, which is named after the chemical 
link which joins amino acids together, the peptide bond.
3.1 The structure of amino acids
Glycine is the simplest amino acid, fig. 3.1. The carbon atom to which the 
carboxylic acid (-COOH) and amino acid (-NH2) are joined is referred to as the a-carbon.
NH
H
Fig. 3.1. Glycine
Most naturally occurring amino acids (except Proline) have a similar structure to 
glycine. The other amino acids differ in the fourth side group attached to the a-carbon. In 
glycine this is a hydrogen atom. Individual amino acids may fall into one of four groups, 
using the criterion of polarity, and charge of the side group (Davies, 1980):
i) Amino acids which have non-polar, hydrophobic side groups, i.e. the neutral amino 
acids (Nozaki and Tanford, 1971).
ii) Amino acids which have polar but uncharged side groups.
iii) Amino acids which have positively charged groups at physiological pH, the basic 
amino acids.
iv) Amino acids which have negatively charged side groups at physiological pH, the acidic 
amino acids.
3.2 The structure of proteins
The peptide bond which joins amino acids in proteins is the product of the 
condensation reaction between the -COOH group on the a-carbon of one amino acid and 
the -NH group on the a-carbon of another amino acid. Further amino acids may then be
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condensed with the -COOH (C-terminus) to give a
tripeptide or tetrapeptide. However polypeptides cannot form branched chains. The reverse 
of the condensation reaction is hydrolysis and thus the peptide bond can be broken by 
hydrolysis. This reaction is carried by the enzyme trypsin or pepsin.
Protein structure can be described at four levels of organisation:- primary, secondary, 
tertiary and quartemary structure. The primary structure of a protein is a description of the 
total number, type and sequence of amino acids from the N-terminus to the C-terminus. 
The type and sequence of the amino acids determine the overall structure of the molecule 
and thus the function it performs (Neurath and Hill, 1976).
The secondary structure of the protein describes the way that some parts of the 
polypeptide are folded in to particular conformations. One of the first conformations 
studied was the a-helix. The helix is one of the most stable arrangements in a polypeptide. 
In this structure the oxygen and hydrogen atoms in the peptide bond are hydrogen bonded 
to the hydrogen and oxygen atoms three amino acid residues away. To form the most 
stable and rigid structure every oxygen and hydrogen atom is bonded in this way (Pauling 
and Corey, 1951). Hydrogen bonding plays apart in another structure, the pleated sheet. In 
this structure two lengths of polypeptide are cross-connected by hydrogen bonding 
between peptide bonds and lie adjacent to each other in the same plane. There are two 
ways in which this can happen the parallel and anti-parallel pleated sheet (Pauling et a l , 
1951). Proteins may have regions of helices or pleated sheets along a polypeptide chain.
The tertiary structure of protein describes the three dimensional conformation of 
the complete chain. The protein may have a mixture of pleated sheets, helices or random 
amino acids. The way in which these are arranged spatially in relation to each other is the 
description of the tertiary structure. The side groups of certain amino acids along the 
polypeptide interact to form a variety of bonds which stabilise the polypeptide chain. 
Covalent disulphide and peptide bonds can occur and also non-covalent hydrogen and 
ionic bonds can form between certain amino acid side chains. Hydrophobic attraction 
between aromatic side chains also accounts for a significant degree of bonding between 
different parts of the polypeptide chain (Richardson, 1981).
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The list below summarises the different types of bonds which contribute to stabilising the 
tertiary structure:
Type of Amino
Bond Acid
Side Chain 
Bond
Amino
Acid
i) Covalent CYS
GLU
S S-
H
I
C N
II
O
CYS
LYS
ii) Hydrophobic
3LEU-
.CH3CH3
CH
ALA
CH2 CH3
VAL
CH3 CH3CH0
CH
\ /
CH
CH3 c h 3
ILEU
iv) Ionic GLU-
O ’ +NHr -LYS
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Denaturation of a protein, by heat or extremes of pH destroys the tertiary structure 
of the protein. The forces which stabilise the shape of the polypeptide are broken and the 
protein looses its shape and function. Many proteins are found as aggregates of more than 
one polypeptide chain and these are then said to have a quarternary structure. For example 
the insulin molecule is composed of two polypeptides linked by disulphide bonds 
(Dickerson and Geis, 1982).
To summarise, the forces that hold a protein molecule in its native conformation 
are shown below (Davies, 1980):
i) Ionic forces. This type of interaction (repulsive or attractive) takes place between two or 
more groups carrying a charge.
ii) Hydrophobic bonds are due to water structure effects around hydrophobic groups on 
proteins.
iii) Hydrogen bonds. This is a dipole/dipole interaction which is comparable to very weak 
covalent bonds.
iv) Covalent (Disulphide bonds).
The cross links are intermolecular and are usually located within the protein coil. 
The other forces may be both intramolecular, both between groups on the protein and ions 
and water molecules in the surrounding environment. The surface regions of a protein are 
likely to be stabilised mainly by ionic, hydrogen bond and polar interactions (i.e. Forces i 
to iii) at an aqueous interphase, while the core of the protein will contain a major fraction 
of the hydrophobic groups interacting with themselves (Jaenicke, 1980). The degree and 
type of organised water around and within a particular protein determines its conformation.
3.3 Water structuring and protein adsorption
The first stage of protein adsorption from an aqueous solution is contacting with
water molecules. When a non-polar surface is contacted with an aqueous medium it causes 
the water at the interface to structure (Drost-Hansen, 1971). If a polar wettable surface is 
placed in the same environment, dipole-dipole interactions occurring between the polar 
sites on the surface and nearby water molecules result in the orientation of these molecules 
so as to maximise the dipolar interactions. If there are ionic sites on either the protein or 
the solid surface, (due to adsorption of ions from the medium or due to the ionisation of
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the surface in the medium), then there will be regions in the interface characterised by 
structured water existing in hydration layers (Wahlgren and Amebrandt, 1991a).
Adsorption of a protein on a non-polar surface is dominated by non-polar or 
dispersion force interactions, releasing water which is structured in the vicinity of the 
interface. The protein may undergo some conformational changes upon adsorption in order 
to expose its own internal non-polar (hydrophobic) groups to the foreign surface. Such an 
"unfolding" can result in an irreversible denaturation of the protein. If a protein molecule 
adsorbs on to a more polar (hydrophilic), hydrated surface then this process is driven by 
more specific interactions, such as ion-ion or dipole-dipole interactions (Andrade and 
Hlady, 1987). In this case, oriented water molecules are released from both the protein 
molecule and the surface. The adsorption process on a non-polar (hydrophobic) surfaces, 
causes the protein molecule to unfold and expose its non-polar groups at the interface 
(Ratner et al., 1990).
Proteins are transported to the surface by four mass transfer processes:
a) Diffusion in this case the protein solution is introduced on to a fresh surface. Molecules 
closest to the surface collide and adsorb on to the surface. The affinity of the surface for 
protein depends on the collision of the protein with the surface and the subsequent 
interactions that take place. This process has been modelled by Weaver and Pitt, 1992, and 
a sticking coefficient d>, has been defined as the fraction of the collisions between the 
protein and a surface. The mathematical model was shown to be in agreement with 
reported experimental data from several protein adsorption kinetics studies which 
measured the amount of adsorbed protein molecules (Albumin, IgG, a 2-macroglobulin 
transferrin, vitronectin and fibronectin) on surfaces (silica, silicone rubber, N- 
pentyltriethoxysilane, polystyrene and oxidised polystyrene). The process of protein 
adsorption on to surfaces can therefore be successfully mathematically modelled.
As the process of adsorption progresses more protein molecules adsorb on to the
surface and this reduces the concentration of the protein molecules in the fluid layer close
to the surface, i.e. the sublayer. The concentration gradient between the bulk and the
sublayer drives the diffusion process towards the sublayer, so protein molecules move
from the bulk to the sublayer. As the surface becomes saturated with protein molecules the
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rate of diffusion and adsorption slows down. At this point some molecules may then 
diffuse back into the bulk if the molecules are weakly adsorbed. This sets up a dynamic 
equilibrium in which protein molecules are being adsorbed and desorbed at equal rates so 
it appears that no further adsorption is taking place. It has been shown that the most 
important process in protein adsorption is diffusion from the bulk to the surface, (Young et 
al., 1989; Paulsson and Dejmek, 1992).
b) Thermal convection. As the temperature increases, the thermal agitation and movement 
of protein molecules also increases due to the extra energy supplied. This results in an 
increase in the number of collisions that the protein makes with the surface, and thus the 
rate of adsorption increases. However, above a certain temperature, the extra energy causes 
the intermolecular protein bonds to be broken, resulting in the loss of tertiary structure and 
function. In this state the protein is said to be denatured. Also the thickness of the sublayer 
produced in the diffusion process also depends on temperature. The thickness of the 
sublayer will decrease as the temperature increases because molecules can travel into the 
sublayer quicker due to increased thermal agitation, resulting in an increased rate of 
adsorption.
c) Convection (flow) in this case the surface is initially covered by a buffer solution which 
is subsequently displaced by the protein solution. After the buffer has been displaced from 
the surface adsorption proceeds by diffusion.
d) Convective diffusion is a mass transfer process which takes place in a flowing system. 
The protein molecules in the flowing stream are transported by flow (convection) and 
diffusion simultaneously.
Diffusion of proteins to the surface is an important step in the process of protein 
adsorption, the collision of a single protein molecule with the surface and its subsequent 
adsorption is random. However, once a large number of molecules are adsorbed on to the 
surface the rate of adsorption of further protein molecules slows down and dynamic 
equilibrium of protein adsorption/desorption is set up.
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3.4 Adsorption isotherms and kinetics of protein adsorption
The adsorption of proteins to solid surfaces is a complex phenomena involving the 
diffusion of protein molecules through a fluid and collision with the surface, and 
subsequent interaction of the protein with the surface. The kinetics of diffusion-controlled 
protein solution from a static solution has been mathematically modelled as
where cs is the concentration of the adsorbed protein, cB the initial bulk concentration, D  
is the diffusion coefficient, and t is time (Young e ta l, 1988).
There are other ways of modelling adsorption kinetics which have been 
experimentally investigated and in this case the adsorption process is expressed in terms of 
adsorption isotherms. An isotherm is defined when a known mass of solid is mixed with a 
known volume of a protein solution at a given temperature, until there is no further change 
in the concentration of the supernatant solution. This concentration can be determined by a 
variety of methods involving chemical, radiochemical analysis, colorimetry, refractive 
index, etc. The experimental data are usually expressed in terms of an apparent adsorption 
isotherm in which the amount of protein from the solute, adsorbed at a given temperature 
per unit mass of adsorbing surface, (calculated from the decrease (or increase) of solution 
concentration) is plotted against the equilibrium concentration (Shaw, 1984).
Another type of adsorption isotherm is the known as the Langmuir isotherm. This 
treatment of adsorption assumes that the protein molecules in general adsorb in a strongly 
bound monolayer. If the adsorption is completely reversible and with no interaction 
between adsorbed molecules, the adsorption isotherm is defined using the equation below
where F is the surface concentration, C is the bulk concentration, Co is the initial 
concentration and rm is the adsorption rate constant.
Figure 3 shows a series of simple protein adsorption models, below each model is 
shown the graph of adsorption isotherm and kinetics. The change in the bulk concentration
C/Co
m 1 +C/Co
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is shown as Ac. The surface concentration of protein molecules is shown as T, and d is the 
thickness of the adsorbed protein layer as measured by ellipsometry. Figure 3.3a shows 
this Langmuir isotherm with its kinetics underneath. Another adsorption model is shown in 
figure 3.3b, it illustrates the adsorption of protein molecules which are reversibly adsorbed 
in one conformation but may change orientation or conformation to a second irreversibly 
bound form. Figure 3.3c shows an adsorption process where the new conformation of the 
bound molecule needs a larger area on the surface therefore the conformation change 
causes desorption of molecules. Figure 3.3d shows a dynamic situation in which a protein 
molecule is adsorbed in one conformation and then the protein undergoes a fast 
conformational change (Lundstrom, et al., 1987).
Protein adsorption is a process which reaches a dynamic equilibrium. Adsorbed 
molecules are constantly exchanging with protein molecules in solution. Figure 3.4 shows 
models of desorption and exchange of adsorbed protein. The rate of exchange or 
desorption depends on whether the protein is reversibly adsorbed. This
reversibility depends on whether the protein changes its conformation to optimise its 
interaction with the surface. Figure 3.4c shows that an adsorbed protein molecule may 
increase its contact points over time, therefore the exchangeability of the molecule 
decreases with time. Eventually the molecule will become irreversibly adsorbed and 
protein desorption or exchange will not be possible. Desorption therefore differs from 
exchange reactions, in that molecules do not re-enter into solution. Figure 3.4a and 3.4b 
shows two possible exchange reactions in which adsorbed molecules are replaced from 
molecules in solution. In exchange reactions, the greater the concentration of molecules in 
the solution the greater are the number of molecular exchanges, as shown in figure 3.4b. 
Protein adsorption is a dynamic process, adsorbed protein molecules are constantly 
exchanging with molecules in solution. This exchange/desorption process depends on the 
reversibility of proteins adsorbed onto the surface.
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Figure 3.3 Hypothetical models of protein adsorption with the expected adsorption 
isotherms and kinetics (Lundstrom, et al., 1987).
V
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t
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Figure 3.4 Models of protein adsorption/desorption and exchange (Lundstrom, et al
1987).
3.5 Thermodynamics of protein adsorption
Hoffman, (1974) used the second law of thermodynamics to explain the 
equilibrium of adsorption and its resultant conformational changes of protein molecules to 
a surface. The second law of thermodynamics states that amount of order within a system 
must always decrease. The main thermodynamic driving force is the removal of non-polar
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parts of the protein molecule away from unfavourable aqueous environment of the bulk 
solution. Adsorption will only occur if the overall energy change is negative.
AG = AH - TAS 
where AG = Free Energy Change, cal mole-1
AH = Enthalpy (heat) change, cal mole-1
AS = Entropy Change, entropy units (cal mol-1. K)
T = Temperature of adsorption (K)
The "A" signifies the difference between the final equilibrium state and the initial 
state. When AG is negative the adsorption process will occur spontaneously, as AG is not a 
measure of the rate at which the process will occur. The rate at which the adsorption 
process occurs will depend on factors, such as local viscosities, shear fields, 
concentrations, temperatures, etc. It can be seen then, that a negative AH and a positive AS 
both favour the adsorption process. A negative AH corresponds to an exothermic process 
in which heat is produced. A positive AS corresponds to a process in which the molecules 
become more random and more disordered. Protein adsorption is driven largely by
i) an decrease in AH due to the loss of structured water at the hydrophobic regions of the 
polymer surface and rearrangements in the protein conformation (Norde and Lyklema, 
1979).
ii) changes in protein secondary and tertiary structure.
Adsorption is opposed by the following processes (Dickinson, 1992),
i) charge redistribution arising from interactions of electric fields at the protein and 
surface.
ii) changes in the environment of ions on transference from solution to protein layer.
Since both the protein and surface may contain ionic, polar and non-polar groups, 
the overall AG of process of adsorption will depend oft the sum of the thermodynamics of 
all the different types of groups in the protein and at the surface (Norde and Lyklema,
1979). The adsorption process is driven by a reduction in free energy at the polymer 
interface, which means the protein is adsorbed in its most thermodynamically stable 
conformation.
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3.6 Factors affecting protein adsorption
The surface chemistry (eg. hydrophobicity, surface groups) of a material and
property of the protein (eg. hydrophobicity, charge, lateral protein-protein interactions) 
play a role in determining the nature of protein adsorption onto surfaces (Kondo and 
Higashitani 1992). Similar factors were also found to be important in controlling the 
adsorption of peptides on to surfaces (Arnebrandt and Ericsson, 1992). Surface wettability 
was found to affect protein adsorption. When polystyrene was coated with plasma 
polymers (2-hydroxyethylmethacrylate, 1,2-diaminocyclohexane, methane, acrylic acid 
and hexametylene disiloxane) using cold plasma, the deposition of complement proteins 
(C3 Clq, albumin and IgG) was found to be the lowest on the most hydrophobic and most 
hydrophilic surfaces (Ekdahl et a l, 1993).
Protein adsorption on a surface was shown to be related to pH, due to 
conformational changes induced by changes in pH (Elgersma, 1990). At the isoelectric 
point a protein takes up a more globular conformation. At pH values of greater and less 
than this value the molecule takes up a more extended structure because of intramolecular 
electrostatic repulsion which causes the protein coils to unfold. When the protein molecule 
is in the extended configuration it has more free sites on its surface to bind to the material. 
Also electrostatic repulsion produced by adsorbed molecules has been shown to hinder 
further protein molecules adsorbing on to the surface (Lee and Ruckenstein, 1988). The 
charge on a surface affects protein adsorption in other ways, at the isoelectric point the 
number of positive and negative charges on the surface are balanced and so in this case 
there is no overall charge. It was shown that least albumin bound to a surface when the 
surface had an isoelectric point similar to that of the albumin molecule. (Muramatsu and 
Kondo, 1992). The maximum amount of albumin adsorption took place when protein 
molecules were at their isoelectric point, this was regardless of the structural rigidity of the 
protein molecules (Kondo et al., 1991).
Steadman et al., 1992 studied the effect of temperature on proteins (RNAse A, 
lysozyme, p-lactoglobulin b, cytochrome C, myoglobulin, haemoglobin and a -  
lactalbumin) adsorbed to silica. Once the proteins were adsorbed on to the silica a 
significantly lower rise (5-9°) in temperature was needed to denature proteins compared
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with the protein in solution (except for cytochrome C, where no difference was detected).
Salt concentration has also been shown to affect the conformation and the 
adsorption/desorption of proteins on to surfaces. Human serum albumin adsorbed to 
mercaptopyridine-derivatised agarose was seen to change conformation to its native state 
as the salt concentration was decreased. This resulted in desorption of the protein 
(Oscarsson et al., 1992). Shibata and Lenhoff, (1992a, 1992b) used Total Internal 
Reflection Microscopy (TIRF) to determine the effect of salt concentration on lysozyme 
and chymotrypsin adsorption. These proteins were chosen because they were globular, of 
similar size and had similar isoelectric points. Salt concentration (0.1M and 1.0M NaCl or 
0.1M and 1.0M (NH4)2S04) had an effect on the rate of protein adsorption (Shibata and 
Lenhoff, 1992a. Lysozyme and chymotrypsin had lower solubility at the high salt 
concentrations and subsequently lower protein adsorption to butylated quartz surface. In 
other cases the high salt reduced the charge on an aminopropylated quartz surface which in 
turn reduced protein adsorption. The effect of salt concentration on protein adsorption is 
partly due to changes in solubility of the protein and also due changes in surface charge.
Lebedeva et al., 1991 measured the amount of IgG adsorbed onto polymer films 
using radiolabelling. It was found that IgG adsorption decreased on various polymer films 
as the surfaces went from friable (easily crumbled) to dense films and from hydrophobic to 
hydrophilic with negative charge. Grainger et al., 1989 produced contradictory findings 
which showed that the hydrophilic and hydrophobic balance of poly(ethylene oxide) - 
polystyrene multiblock copolymers did not correlate well with protein adsorption.
In summary, protein adsorption was found to be dependent on properties of the 
surface, protein and the adsorption conditions (pH, salt concentration and temperature). 
However, many studies have produced contradictory finding. In some studies protein 
adsorption was seen to be highest on surfaces which were either hydrophobic or 
hydrophilic and lowest on material which had intermediate hydrophobicity. Whereas, other 
studies found that protein adsorption decreased as the surface became less hydrophobic. 
The confusion in the literature is most likely due to fact that the experimental conditions 
(the type of protein, the type of surface, and the method used to measure the protein 
adsorption) vary widely between studies.
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3.7 Composition and properties of adsorbed protein layers
The concentration of the protein in the bulk solution determine the properties and 
composition of the adsorbed protein. Studies have shown that intermolecular interactions 
and the spatial organisation of adsorbed proteins are patchwise at low protein 
concentrations. For example, fibrinogen was shown to adsorb to glass in patches, and 
subsequent platelet adhesion and activation was found to increase on these patches (Park et 
al., 1988). Grainger et al., 1989 used as a series of poly(ethylene oxide) - polystyrene 
multiblock copolymers to study protein adsorption from single, multicomponent systems 
and human plasma. Protein adsorption was shown to be influenced by surface 
microenvironments (patches of hydrophobicity and hydrophilicity) on a polymer surface. 
Fibronectin, fibrinogen and albumin were all shown to preferentially adsorb onto the 
hydrophilic patches rather than the hydrophobic patches on the material surface. This 
suggests that the adsorption of proteins is dependent on the phase-separated microstructure 
(patchiness) of surface. Therefore adsorbed protein layer on a patchy surface may show the 
similar patterns of patchiness as the surface (Goodman et al., 1990).
In some cases when protein adsorbs in patches, it is not caused by patches on the 
surface of the material. Brynda et a l 1990, showed that the high packing density of 
adsorbed IgG and albumin molecules on a surface of a material can cause the proteins to 
adsorb in patches. They showed that at high concentrations of IgG and albumin the 
molecular packing on surfaces was in patches. Tight packing of the adsorbed proteins 
caused the molecules to interact with each other causing conformational changes in the 
molecules, which lead to formation of protein aggregates on the surface. The adsorption of 
IgG and albumin from low concentration resulted in the molecules being randomly 
distributed over the surface. The consequence of proteins adsorbing at high concentrations 
on to the surface was investigated by Elam and Nygren, 1992. They showed that materials 
that adsorbed higher concentrations of adhesive proteins (fibronectin, fibrinogen and factor 
Vm related antigen) had greater platelet activation.
The orientation of the adsorbed protein molecule is important in determining the
property of the adsorbed protein layer. The orientation of the molecules can be determined
from the surface charge density (a) of adsorbed protein complexes. Waldmann-Meyer and
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Knippel, 1992, produced a model of protein adsorption which correlated surface charge 
density (a) of protein adsorbed on to polystyrene with the degree of surface coverage. The 
model predicted that at surface saturation, the surface charge density depended on the 
protein and its orientation when adsorbed on to the surface. Experimental investigations 
using microelectrophoresis of IgG and albumin binding to glass and polystyrene were 
carried out. The electrophoretic mobilities of albumin and IgG were converted to surface 
charge densities, the experimental g  values were in agreement with the model values and 
showed that the proteins remained in their native conformation when adsorbed on to 
polystyrene and glass surfaces.
The study of albumin adsorption has lead to the three (multiple) layer model for 
protein adsorption to negatively charged polystyrene surface. Multilayer protein adsorption 
has also been observed and modelled on other polymeric biomaterials (Young et al. 1988). 
In these models the first layer of protein is the most strongly bound. The latter layers are 
only loosely bound and may be removed by rinsing or by desorption in a fresh protein-free 
solution (Lee and Ruckenstein, 1988). From electrophoresis and proton titration 
measurements (Norde and Lyklema, 1979), the first layer at the polystyrene/protein 
interface was shown to contain the majority of positive protein groups (eg. Lysine, 
Tryptophan, Histidine), as well a number of protein carboxyl groups and trapped ions from 
the medium. The middle region contained a majority of hydrophobic protein groups (eg. 
Alanine, Leucine, Valine) and the aqueous interface was composed mainly of charged 
groups.
There are many factors which influence the properties and composition of the 
adsorbed layer. The adsorption of proteins on to a surface changes its properties by 
masking the underlying surface and consequently the surface takes on the properties of the 
adsorbed protein. The properties and composition of the adsorbed protein layer then have a 
profound influence on the subsequent cell attachment and adhesion to that surface.
3.8 Conformational changes in protein structure
The process of protein adsorption eventually reaches a dynamic equilibrium, the 
resultant conformational changes that take place when the protein adsorbs will be 
dependent on the thermodynamic changes occurring during the adsorption process. The
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adsorbed protein layer acts as a bridge between surface and the fluid, changing 
conformation to optimise interactions at both interfaces. Adsorbed human plasma albumin 
has also been shown to have reduced a-helix content when adsorbed onto hydrophobic 
polystyrene latex (Norde et al., 1986; Steadman et al., 1992). It has been suggested that the 
amount of protein adsorbed increases as the degree of conformational change increases 
(i.e. the a-helix content is reduced) (Norde et al., 1986). However, on the hydrophobic 
surface, protein conformation is changed which results in an altered structure. The result of 
changing the structure of a protein may lead to an altered active site for an enzyme or cell 
binding domain, in which case the adsorbed protein may loose its biological function and 
no longer catalyse enzymic reactions or bind cells. Some types of surfaces do not follow 
this pattern. Protein adsorption on surfaces with veiy low surface energies or repulsive 
electrostatic interactions are influenced by the protein itself. The entropic forces driving 
the adsorption comes from dehydration of hydrophobic parts of the protein or 
rearrangements that occur during adsorption (Norde et a l, 1986).
The structural changes in protein molecules adsorbed to ultrafine silica particles 
were investigated using circular dichroism. The magnitude of the structural changes was 
affected by the flexibility of the molecule. In particular flexible proteins such as bovine 
serum albumin (BSA) and haemoglobin were shown to undergo large structural change 
when adsorbed on silica surfaces compared with rigid proteins cytochrome c and RNase A. 
The structural changes that the proteins underwent were increased when the molecules 
affinity for the surface was high (Kondo, 1992). It was also found that when flexible 
molecules (BSA) were desorbed from the surface the structural changes were reversed. 
Garrison et al., 1992 used Total Internal Reflection Fluorescence (TIRF) to show the post­
adsorption conformational changes that occur when albumin adsorbs to surfaces. The TIRF 
method showed that the position of particular amino acids residues was altered, the amount 
of change in the position of amino acid residues was increased as the hydrophobicity of 
the surface increased. From these results it was deduced that the degree of change in 
conformation of adsorbed protein was dependent on the hydrophobicity of the surface.
The adsorption of the C3 complement protein on biomaterials can play an 
important role in the activation of the complement system. If the protein is adsorbed on the
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biomaterial in its active conformation it will bind to other proteins in the alternative 
complement pathway, this will eventually lead to thrombogenesis. Elwing et al., 1988 
found that when the complement factor 3 (C3) was adsorbed onto hydrophilic silicon, it 
took up a conformation which exposed an antigenic epitope which could be detected by 
Enzyme-Linked Immunosorbent Assay (ELISA) and ellipsometry. This epitope is usually 
only exposed when C3 is denatured by sodium dodecyl sulphate or when it has been 
biologically activated. Lin et al., 1992b studied the adsorption of C3 on silica which was 
treated with dimethylsilane to give a gradient of hydrophobicity. It was found that similar 
amounts of C3 were bound at both the hydrophobic and hydrophilic ends of the silica. 
However, it was postulated that C3 bound to the hydrophobic silica in a different 
orientation/conformation to the hydrophilic silica. This was because the binding of another 
protein, factor H, to C3 was shown to be greater on the hydrophobic than the hydrophilic 
silica. Factor H protein binding to the hydrophobic surfaces decreased complement 
activation.
Studies carried out on polystyrene and oxidised polystyrene showed that the 
kinetics of adsorption of vitronectin were similar on the two materials, even though the 
two types of polystyrenes had different chemistries and surface energies. The chemistry 
and structure of the protein seems to be the major factor in determining adsorption 
kinetics. Fourier transformed infrared spectroscopy and circular dichroism spectra of 
vitronectin in solution found it to be different from the spectra of surface adsorbed 
vitronectin. It was shown that the p-sheet content of the protein decreased after adsorption 
whilst the a-helix content remained unchanged (Pitt et al., 1989). Studies with Fibronectin, 
another protein involved in cell adhesion, showed that biological activity of the protein 
was not related to the amount adsorbed. Giroux and Cooper, (1991), also showed that the 
P-sheet content of fibronectin and fibrinogen were increased on adsorption to glow- 
discharge treated polyurethane compared with native polystyrene. On non-wettable 
polystyrene dishes fibronectin adsorbed at a low concentration, in a way that did not allow 
the expression of cell spreading activity. It has been suggested that Fibronectin unwinds 
from a spherical (globular) conformation to a filamentous structure on wettable
polystyrene. At physiological concentrations, fibronectin can only adsorb on to the surface
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along part of its length, whilst at lower concentrations this tends to "lie flat" (Grinnell,
1987). However, by increasing the fibronectin concentration or by adding serum albumin, 
fibronectin unwinding may be prevented. Fibronectin was found to bind more strongly to 
the non-wettable polystyrene, although cell spreading was found to be poor compared with 
the wettable polystyrene. Protein adsorption was found to be increased when more 
hydrophobic amino acid residues were exposed by heat denaturing the protein (Shirahama 
and Suzawa, 1988). This was shown when heat denatured serum albumin, mixed with 
fibronectin resulted in increased fibronectin adsorption to surfaces (Grinnell and Feld, 
1981).
The measurement of conformational changes which take place upon protein 
adsorption is a relatively simple process using techniques such as circular dichroism. 
However, the data (changes in a-helix content) gives little information on the complete 3D 
structure of the molecule in its altered conformation. Conformational changes of specific 
cell adhesion molecules adsorbed to a surface can be indirectly measured due to the ability 
of cells to adhere to these proteins.
3.9 Exchange/desorption of adsorbed proteins
Exchange and desorption of proteins from surfaces are time-dependent processes. 
Albumin is one of the first proteins adsorbed from blood plasma, but it is displaced later 
by fibrinogen and other components (Vroman and Adams, 1969: Meltzer and Siberberg,
1988). Bale et a l 1988 investigated the adsorption of protein mixtures to native 
polystyrene. They found fibrinogen had the greatest affinity for polystyrene, then 
fibronectin, immunoglobulin, and lastly albumin. This phenomemon is known as the 
"Vroman" effect. This competitive protein adsorption or Vroman effect notes that the 
abundant low molecular weight proteins, initially adsorbed to a surface, are gradually 
replaced in time by less abundant, higher molecular weight proteins. This has recently 
been studied and confirmed by Cornelius et al., 1992, using an in situ, "Real-Time", 
solution depletion technique. This technique uses radioactively labelled proteins in 
solution. This solution was injected at a constant rate in a chamber containing soda-lime 
glass beads. A buffer solution in the chamber was displaced by the protein suspension. 
Radioactivity scintillation detectors were placed at the exit of the chamber to monitor the
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radioactivity of the bulk solution leaving the chamber. The adsorption of the protein was 
measured as the amount of radioactivity lost over time, eventually the protein 
concentration reached a steady value. Using this technique protein adsorption form blood 
plasma was found to follow the Vroman effect.
The Vroman effect was also evidenced with p-lactoglobulin which was shown to 
adsorb to surfaces faster than Bovine serum albumin (BSA). This is because p- 
lactoglobulin is half the size of BSA and is also less flexible than the latter (Suttiprasit et 
al., 1992). Further studies of protein competitive adsorption using a-lactoglobulin, p- 
lactoglobulin and BSA from mixed solutions showed that a larger mass of BSA adsorbed 
on surfaces, however, on a molar basis, more a-lactoglobulin was adsorbed on surfaces 
(Suttiprasit and Mcguire, 1992).
Tengvall et al., 1992 used a methyl gradient on hydrophilic silicon to study the 
adsorption of coagulation proteins from normal and deficient human blood plasma. The 
hydrophilic region of the silicon had the greatest adsorption of factor XII and high 
molecular weight kininogen, but low adsorption of fibrinogen. An increased amount of 
fibrinogen adsorbed to the hydrophobic part of the silicon, whilst in the region of 
intermediate hydrophobicity low amounts of factor XH, high molecular weight kininogen 
and fibrinogen were adsorbed. It was tentatively proposed that the region of intermediate 
hydrophobicity adsorbed least proteins because it contained both polar and non-polar 
groups which resulted in the minimum of surface activated protein coagulation on the 
surface, It was also proposed that the difference in the amounts of fibrinogen adsorbed on 
hydrophobic surfaces and factor XII adsorbed on hydrophilic surfaces was due to the fact 
that the Vroman effect takes place faster on hydrophilic surfaces than hydrophobic 
surfaces. Therefore, when the amount of protein was being measured on the gradient, 
fibrinogen had not yet been desorbed from the hydrophobic part of the surface. However, 
when protein adsorption was measured on the hydrophilic part of the surface the 
fibrinogen had been exchanged with factor XII.
The adsorption and exchange of Bovine serum albumin (BSA) and /-interferon on 
silicon modified by dimethyldichlorosilane have been studied by Ruzgas et al., 1992. They
showed that hydrophobisation of the silicon increased the adsorption of bovine serum
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albumin by a factor of 58, and decreased in the desorption of albumin by a factor of 27. 
Denaturation of the BSA also increased on the hydrophobic silicon. They also showed that 
^-interferon displacement by BSA could be increased by decreasing electrostatic 
interactions (ie. increased ionic strength). Bale et al., 1989 found that adsorbed proteins to 
copolymers could be desorbed from surfaces by proteins in the bulk. The most effective 
was found to be fibrinogen, then immunoglobulin and albumin. It was also found that 
adsorbed proteins were displaced from surfaces with decreasing difficulty, Polystyrene/2- 
hydroxyethyl acrylate then polystyrene/acrylic acid then polystyrene/methacrylic acid and 
it was easiest to displace from polystyrene. Proteins adsorbed from low concentrations 
were less easily displaced than proteins adsorbed from saturated solutions. However, as the 
residence time of the protein on the surface increases the molecule can change from being 
weakly bound to non-displaceable (Slack and Horbett, 1989). Simple models of exchange 
and desorption using single proteins were initially developed. The knowledge gained from 
these models and improved techniques for probing protein interactions has enabled the 
development of models for competitive protein adsorption (Shirahama et al., 1990: 
Lundstrom and Elwing, 1990).
Lundstrom and Elwing, (1990) proposed that only three types of surface exist with 
respect to protein/adsorption and desorption. On the first type of surface, protein 
adsorption and exchange is reversible and the residence time of the protein is short. There 
is little conformational change of proteins on the surface. This type of molecule is 
"invisible" to biological systems. On the second type of surface, exchange reactions occur, 
but the conformation of the molecules are changed. The residence time is longer for 
molecules adsorbed on to the surface. Molecules with an altered conformation are released 
into the solution. As a consequence this type of surface causes biological effects both on 
the surface and in the bulk. The third type of surface binds the molecule irreversibly to the 
surface. Strongly altering the conformation of the molecules and causes biological effects. 
Some protein adsorption is irreversible with respect to desorption. This means that on 
adsorption the molecule changes conformation and may thus become almost permanently 
bound to the surface. The conformation of these proteins on the surface is dependent on 
their concentrations.
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3.10 Surface interactions with adsorbed proteins
When a protein adsorbs to a surface it alters the properties of that surface by 
masking it from the surrounding environment. It also modifies the forces acting between 
two solid surfaces brought close together (Leonard et al., 1981). As two surfaces approach 
each other the attractive forces between them increases proportional to their distance apart. 
Protein adsorption becomes important when the thickness of the protein layer is in the 
same order of distance as the forces acting between the bare surfaces. The type of 
interaction of the two surfaces then becomes dependent on the protein rather than the 
surface. The interactions between atomic smooth mica surfaces immersed in liquids with a 
variety of charged and uncharged flexible and rigid proteins have been studied (Klein,
1986). The results showed that a single flexible protein was capable of bridging the two 
surfaces. This has a net effect of increasing the attractive force between the surfaces. But 
there is a repulsive component resulting from the osmotic interaction of protein segments 
within the gap.
It is known that both electrodynamic and thermodynamic forces play a role in 
initial cell-surface contacts. The electrodynamic and thermodynamic forces are altered 
when serum molecules are adsorbed on to the surface. Grinnell and Feld, (1981) have 
shown that at certain concentrations (<0.1 %) adsorbed serum proteins probably inhibit cell 
attachment. It has been proposed that in order for a cell to adhere to a protein covered 
surface it has to overcome steric exclusion. Both the rigid glycocalyx proteins of the cells 
plasma membrane and the protein adsorbed to the surface repel each other because both 
these components occupy their own steric (entropic) exclusion volume. The intrusion of 
another molecule into this volume is thermodynamically unfavourable due to the large 
amount of energy required to overcome the electrostatic barrier around each molecule. In 
order to overcome the steric exclusion, bridging molecules, i.e. divalent cations and cell 
adhesion factors, such as fibronectin need to be introduced (Maroudas, 1975). Ertel, et al., 
1991, showed that IgG and albumin adsorption to polystyrene and radiofrequency plasma 
discharge treated polystyrene was similar. However, the resistance of both of these 
proteins to elution by sodium dodecyl sulphate was shown to increase with the oxygen
content of the surfaces. In addition when the surfaces were precoated with albumin or IgG
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the subsequent fibronectin binding increases with surface oxygen. As living cells 
synthesise and secrete flexible proteins (fibronectin etc.) the bridging effect may be 
relevant to long-range cell-cell adhesion and membrane-membrane interactions.
3.11 Techniques used to study proteins at aqueous/solid interfaces
There are number of techniques used to study protein adsorption kinetics and 
isotherms to surfaces. The techniques available include:
i) Scanning Electron Microscopy (SEM) has a higher resolution than light microscopy 
(LM) and allows the surface topography to be studied. Its main disadvantage is that it 
involves fixing and staining of material (Gorman et al., 1971).
ii) Ellipsometry utilises the phenomena that causes a change in state of a polarised beam of 
reflected light in terms of the relative amplitude of the parallel and perpendicular 
components and the phase difference between them. If the state of polarisation of the 
incident and reflected beams are known, then the refractive index and thickness of the 
layer covering the reflecting surface can be found (Morrissey et al., 1976).
iii) Electrophoretic Mobility. Proteins have either a net overall positive or negative charge 
due to the charged amino acids groups on the proteins. When an electric field is applied to 
a solution of protein it will migrate towards the electrode. The rate of protein migration 
depends on the net charge, size and shape of the protein. If the protein is then adsorbed on 
to a surface the electrophoretic mobility will change if the adsorbed protein has undergone 
any conformational change. (Chattoraj and Bull, 1959).
iv) Total Internal Reflection Fluorescence (TERF) is a fluorescence technique for studying 
protein adsorption on surfaces. Proteins fluoresce in two ways:
a) proteins containing the amino acids tryptophan and tyrosine which intrinsically 
fluoresce upon excitation in the ultraviolet range can be employed. In this mode TIRF can 
provide information about conformational changes in adsorbed protein. It is directly 
comparable with conventional fluorescence techniques, but has the disadvantage that not 
all proteins contain amino acid residues which intrinsically fluoresce (Andrade and Hlady, 
1987).
b) Proteins can be covalently labelled with an extrinsic fluor like fluorecein rhodamine,
etc. This use of TIRF is useful for competitive or kinetic studies, assuming that the fluor
91
label does not interfere with the adsorption process. This is because each protein used for 
the competitive study can be labelled with a different fiuor and thus be distinguished. (Van 
Wagenen et al., 1982). The most important advantage of TDRF is its use for in situ real 
time experiment which give information on protein adsorption/desorption and 
conformational changes upon adsorption.
v) Fourier Transformed Infrared Spectroscopy (FTIR), Infra-red spectroscopy is technique 
which measures the characteristics of light after it has propagated through a sample of 
adsorbed protein. It is uses the phenomena that certain wavelengths of infra-red light are 
adsorbed by particular bonds (eg. C=0, C-C, etc.) in the protein. The resultant infra-red 
light which is transmitted through the protein is picked up by a detector. The spectra 
which is produced will have regions where the detector signal is lowered because light at 
that wavelength light has been adsorbed by a particular bonds. This shows that the 
adsorbed protein molecule contains a particular bond. Each protein has its own 
characteristic spectra. The spectra of FTIR can be collected in 5-10 seconds and it can 
probe to a depth of lOOnm, however, it cannot quantitatively measure the amount of 
protein adsorbed and only works on surfaces which are transparent. (Leininger et al., 1987, 
Gendreau etal., 1982).
vi) X-ray Photoelectron Spectroscopy (XPS) or Electron Spectroscopy for Chemical 
Analysis (ESCA). This technique is capable of investigating the molecules on surfaces 
because it analyses the kinetic energy of photoelectrons liberated from the sample surface 
by a beam of soft X-rays. It has depth of resolution in the order of nanometers. XPS can be 
used in two modes, i) energy resolved depth profiling and ii) angle resolved depth 
profiling. Fitzpatrick et al., (1992) measured the amount of various proteins adsorbed to 
mica using XPS in both modes. Although both modes yielded similar values for the 
amount of protein adsorbed, the energy resolved depth profiling data was more scattered 
and a had a larger enror. Paynter, (1981) used the technique to determine the uptake of ions 
from solution by acrylic copolymers. He showed that XPS was a comparable technique for 
measuring uptake of ions to radiolabelling. Ratner et al., (1981) used XPS to analyse 
proteins films adsorbed to solid surfaces. Results showed that when haemoglobin was 
adsorbed to Poly tetrafluoroethylene, it formed islands on the surface and the nitrogen
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molecules from the protein were orientated towards the solid surface. Golander and Kiss, 
(1988) measured protein adsorption to a variety of XPS characterised polymers using 
ellipsometry. They showed that the chemical constitution of the surface had a major 
influence on protein adsorption.
vii) Circular Dichroism (CD) is a technique used to study the conformation of proteins 
when they are in the bulk solution and when they are adsorbed on to a surface (McMillin 
and Walton, 1974). It is based on the resolution of plane polarised light into two circularly 
polarised components by a quarter wave plate. The two circularised components are 
designated left and right hand polarised light, OL and OR respectively. The quarter wave 
plate causes the two polarised components to be shifted out of phase which can then be 
separated. When the two OL and OR components of light are shone on a protein (which is 
optically active) one of the two components is absorbed greater than another. The 
emergent light is elliptically polarised, the direction (left or right) and magnitude of 
elliptical polarisation is dependent on the structure (a-helix, P-sheet etc.) and conformation 
of protein. To study the effect of protein adsorption on protein structure the CD spectra of 
protein is measured whilst in the bulk and then when adsorbed on to a surface. Any 
differences in the CD spectra of the free and adsorbed CD spectra can be related to 
changes in the protein structure (Walton and Blackwell, 1973). Circular dichroism can 
only be used on optically transparent surfaces and does not quantify the amount of protein 
adsorption.
viii) Immunogold Labelling (IGL), This technique used colloidal gold particles (5nm to 
20nm diameter) bound to antibodies against the protein being studied. The gold labelled 
antibodies were then allowed to react with protein bound to surfaces. The gold particles 
were visualised by scanning electron microscopy and counted to determine the 
concentration and distribution of protein molecules adsorbed to surfaces (Pitt et al., 1986: 
Murthy et al., 1988).
ix) Atomic Force Microscopy (AFM) allows the direct investigation protein adsorbed onto 
surfaces (Marchant et al., 1992). The AFM is based on a stylus profilometer, the changing 
force between a surface and the probe is dependent on the surface topography. As the 
probe is scanned over the surface a profile of the surface is built up. The AFM is highly
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sensitive and can resolve distances down to the molecular level, it is also capable of 
investigating adsorbed molecules i.e. proteins (Goh and Markiewicz, 1992).
x) Radio-labelling of protein. This technique involves iodinating the protein with 
radioactive iodine and allowing it to adsorb onto the surface under investigation and then 
measuring the radioactivity of the adsorbed protein. From this the adsorbed protein 
concentration can be deduced (Horbett, 1981). However, the iodination can alter the 
protein conformation which may subsequently alter the adsorption properties of the 
protein. In a variation of the previous technique the proteins were allowed to adsorb onto 
the surface and then the protein was radiolabelled and eluted from the surface (Horbett and 
Weathersby, 1981). This technique has the disadvantage that the radioactive iodine may 
not bind to proteins that are adsorbed in the wrong conformation.
xi) Immunoassays (Elam and Nygren, 1992). In this technique the protein under study is 
adsorbed on to the surface (which must be optically transparent). Then an antibody to the 
adsorbed protein is allowed to bind on to the adsorbed protein, this antibody is conjugated 
with a substrate which changes colour when reacted with an enzyme. The excess antibody 
in solution is washed off the surface. The amount of bound antibody to adsorbed protein is 
measured by reacting it with the enzyme which reacts with the substrate bound to the 
antibody, thus changing its colour. The amount of colour change is measured in a 
spectrophotometer, the darker the greater the amount of adsorbed protein.
A study has shown that indirect methods of measuring protein i.e. the amount of 
eluted protein by Enzyme linked immunosorbent assays (ELISA), or inferred from the 
amount of protein left in solution after coating, may provide an inaccurate estimate of the 
amount of protein adsorbed (Dimilla et a l 1992). They preferred the measurement of 
adsorbed radiolabelled protein, this is because it was extremely difficult to elute all protein 
from a surface. Also protein adsorption on to surfaces depends on the packing density of a 
protein on the surface, which subsequently depends on the size and shape of the protein 
molecule. Therefore the concentration of protein left in solution is not directly related to 
die concentration adsorbed on the surface (Montdargent et al., 1992) as some proteins may 
form multilayers..
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• Many techniques are employed to probe the protein/surface interface. X-ray 
photoelectron spectroscopy is a high resolution surface analysis technique, its use as a tool 
for studying protein adsorption is limited. This is because XPS analyses surfaces at the 
molecular level, it gives little information on the conformation of adsorbed protein. 
Circular dichroism give information on protein conformation in the bulk and adsorbed and 
is a useful technique for studying protein surface interactions (Kondo et al., 1992). 
Spectroscopic techniques for investigating protein adsorption are useful because they 
measure the protein adsorption in real time. No one single technique gives all the 
information on adsorbed proteins, it is recommended that these techniques be used in 
conjunction with each other.
Summary
Proteins concentrate on surfaces due to their polymeric structure and amphoteric 
nature (MacRitchie, 1978). Large protein molecules can have multiple contact points with 
a surface, which increases the tendency for them to stay in contact with the surface. The 
variety of different amino acid side chains (polar, charged and non-polar) in proteins allow 
multiple modes of binding to different surfaces. Proteins can also have a large influence on 
the properties of the surface that they adsorb to. In the native protein, the non-polar 
(hydrophobic) residues tend to be internalised (Janin, 1979), thus structural alterations in 
the protein may be necessary to give the largest number of contacts between proteins and 
surface (Hoffman, 1974). Therefore, on a hydrophobic surface a protein may change its 
conformation to optimise interactions between its hydrophobic sites and the surface, as 
well as its hydrophilic sites and water molecules. The adsorption of proteins to surfaces 
may lead to large localised concentrations, much greater than in the bulk. The adsorbed 
protein layer may then affect the processes which take place at surfaces, eg. cell adhesion.
The process of cell adhesion to a surface is dependent on the nature of protein 
adsorption to that surface. There are a large number of techniques, (radiolabelling, Infra­
red spectroscopy etc.), to used to measure protein adsorption and the character of the 
adsorbed protein layer. Also the process of adsorption has been widely studied and several 
models which describe the process have been developed. The kinetics of the adsorption/
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desorption processes have been modelled in terms of isotherms which describe the 
diffusion and mass transfer processes which take place during adsorption. The energetics 
of protein adsorption have been modelled in terms of thermodynamics of protein 
adsorption. The adsorption of protein from a solution takes place almost instantaneously. 
The process of adsorption and the subsequent adsorbed protein film is affected by the 
properties of the surface (wettability, surface charge), the nature of the protein and the 
solution conditions (ie, salt concentration, temperature, pH). The adsorbed protein film 
then acts as a surface to which cells adhere. The conformation of the adsorbed protein 
molecules has been shown to affect the adhesion and spreading of cells .
However, recent studies have been carried out to investigate the effects of adsorbed 
protein on cell adhesion. Hashimoto et al., 1991 found that human endothelial cells grew 
well on cell culture polystyrene coated with collagen types I, n, HI or IV. Cells did not 
attach to collagen type V, heat denatured collagen V or its a-1 chain, but did adhere to the 
ct-2 chain. Swiss mouse transformed 3T3 cells, BHK cells, CHO cells and mouse 
melanoma were also not capable of adhering to collagen V. The anti-adhesive properties of 
collagen were overcome by the addition of fibronectin to the collagen V. Albumin and IgG 
coating of a range of hydrophobic and hydrophilic (i.e. Polytetrafluoroethylene, 
polystyrene, glass cellulose, etc.) surfaces was found to prevent cell attachment to surfaces 
(Tamada and Ikada, 1993). It is clear from these studies that non-specific protein 
adsorption to surfaces affects cell adhesion.
3.11 Specific cell adhesion proteins
The requirement of specific adhesion proteins for active cell adhesion has been 
discussed in earlier sections. They have been shown to play an important role in the 
movement of cells during wound healing, embiyonic development and disease (Kleinman 
et a l 1985: Couchman et al., 1982). These molecules are made up of regions (domains) 
with specific functions for the adhesion of cells to particular molecules on the surface of 
the extracellular matrix (Kleinman et al., 1981). The best studied of the these molecules 
are listed below:
i) Fibronectin. ii) Vitronectin,
iii) Laminin. iv) Chondronectin.
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3.11.1 Properties of Fibronectin
Fibronectin is a glycoprotein which has been discovered many times, when isolated 
from plasma it was known as Cold Insoluble globulin (CIg) (Grinnell and Hays, 1978), 
Fibronectin isolated from the surface of cells was known as cell surface protein (CSP) 
(Yamada and Weston, 1974) or Large external transformation sensitive protein (LETS) 
(Bomstein and Ash, 1977). However, analysis of these proteins has shown them to be veiy 
similar (Yamada and Kennedy, 1979), and they are now referred to collectively as cellular 
and plasma fibronectin, respectively. The difference between plasma and cellular 
fibronectin is shown by their differing solubility, carbohydrate residues, and mobility in 
SDS-polyacrylamide gels (Fukuda and Hakomori, 1979; Paul and Hynes, 1984; Tamkun 
and Hynes, 1983). Hepatocytes can be induced to secrete cellular fibronectin by 
dexamethasone (Odenthal, et al., 1992).
Fibronectin (FN) molecules are composed of 220 and 250 kdalton polypeptide 
subunits (Hynes and Yamada, 1982). In cell culture this molecule is partly responsible for 
determining cellular morphology and regulation of growth. Virus transformed cells loose 
FN from their surface (Vaheri and Ruoslahti, 1975; Chen et al., 1976; Yamada et al., 
1977) and also loose their anchorage dependence (Mauntner and Hynes, 1977). FN was 
shown to have these effects when it was added to transformed anchorage-independent 
cells, they lost their spherical morphology and became able to adhere and grow on surfaces 
(Hynes, 1986). However, it did not affect the high rate of cell division of these cells.
The biological activity of FN adsorbed onto polystyrene surfaces is not directly 
related to the amount adsorbed. FN adsorbs at low concentrations (0.1 mg ml-1) to native 
polystyrene (a low energy surface) in a conformation which has little cell spreading 
activity when compared to FN adsorbed (O.lmg ml'1) on to cell culture polystyrene (a 
higher energy surface). This is thought to be due a change in the molecular conformation 
from a spherical shape on cell culture polystyrene to a filamentous form on native 
polystyrene (Busscher et al., 1991b) . This change in conformation may be prevented by 
increasing the FN concentration or by the addition of albumin.
FN adsorbs more strongly to native polystyrene than cell culture polystyrene, using 
competitive binding assays and reciprocal release experiments, FN was shown to have a
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much greater binding affinity for surfaces than other proteins (albumin and fibrinogen). To 
decrease FN adsorption on cell culture polystyrene an excess of 500 times the amount of 
albumin was required. On native polystyrene an excess of only 140 times of albumin was 
required. As serum contains 175 fold excess of albumin to FN, it is likely that adsorption 
of FN is much lower on cell culture polystyrene than native polystyrene (Grinnell and 
Feld, 1981).
Measurements of fibronectin adsorption and cell adhesion of serum on 
hydrophobic and hydrophilic surfaces have shown a bimodal pattern. The greatest 
fibronectin adsorption and cell adhesion occurs at a serum concentration of 0.1% (Grinnell 
and Phan, 1983). A serum concentration greater than 0.1% decreased the amount of 
fibronectin adsorbed and reduced cell adhesion. This effect was seen on both hydrophobic 
and hydrophilic surfaces. The reduced fibronectin adsorption and cell adhesion at high 
serum concentrations is due to the initial adsorption of non-specific surface-active proteins 
(Curtis and Forrester, 1984). It is thought that the non-specific proteins are replaced by 
adhesive proteins during cell adhesion and spreading. This process is actively carried out 
by the cells and is only observed on the hydrophilic surfaces because the adhesive proteins 
are weakly bound, and more strongly bound to hydrophobic surfaces (Grinnell, 1987).
3.11.2 Fibronectin-cell and surface interaction sites
The fibronectin molecule has three structural units known as I, n, and HI 
(Ruoslahti, 1988), as determined by nuclear magnetic resonance (Baron et al., 1990; 
Constantine et al., 1992; Main et al., 1992). The HI module contains the active amino acid 
residues involved in the cell binding of fibronectin. The difference in the cellular and 
plasma forms of fibronectin has been found to be due to the absence of the extra domain A 
(ED-A) and extra domain B (ED-B) regions in the type HI module in plasma fibronectin 
(Vartio et al., 1987; Sekiguchi, 1989,). Lewandowska, et al., 1988 showed that various 
fragments of fibronectin molecules had significantly different binding properties on cell 
culture polystyrene. The fragments were made from the cleavage of plasma fibronectin 
(pFN) a  and pFN p chains, as well as cellular fibronectin (cFN). Fragments of pFN a  
chains containing the cell binding domain and heparin binding domain were adsorbed in 
similar amounts as the intact pFN. However, further digestion of this fragment produced
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smaller fragments which contained either the cell binding domain (RGDS) or heparin 
binding domain plus a type IH homology domain, in this case the cell binding domain 
adsorbed on to the surface of the polystyrene in greater amounts than the fragment 
containing the heparin binding domain and a type EEI homology domain. This was repeated 
for the pFN p chain and similar results were produced except the fragment with the 
heparin binding domain did not have the type HI homology domain, this fragment had 
lower polystyrene adsorption than the heparin binding fragment alone. Cellular fibronectin 
fragments containing the heparin binding domains and the ED A domain had similar 
adsorption properties to pFN p fragments with just the the heparin binding domain. This 
show that the ED A domain has little affect on the adsorption properties, where as the type 
HI domain had the effect of reducing adsorption. These results show that the function of 
fibronectin molecules can be significantly altered by the addition of particular domains in 
the molecule. Pierschbacher et a l , 1981 located the sequence containing the cell binding 
domain using monoclonal antibodies, the three amino acid residues which affect cell 
binding have been identified as Arginine-Glycine-Aspartate (R-G-D) (Horwitz et al.,
1985). This RGD sequence has been shown to be responsible for the adhesiveness of a 
number of other proteins including vitronectin, laminin, collagen, von Willebrand factor 
etc. (Pierschbacher and Ruoslahti, 1984; Hynes 1992). Obara, et al. 1988, showed that 
other regions of the fibronectin molecule adjacent to the RGD sequence are also required 
for fibronectin to be adhesive. Using this information the cell surface receptor for 
fibronectin was identified. The fibronectin-receptor interaction was blocked by an (R-G-D) 
polypeptide (Pytela et a l 1985). The cell surface receptor is known as Integrin (Hynes
1987), it is a transmembrane glycoprotein with the ability to bind to other molecules 
involved in cell adhesion (Pearlstein, 1976: Cheng et al., 1991: Davis, 1992), as well as 
components of the cytoskeleton (Buck and Horwitz, 1987). All of these molecules are 
associated with adhesion plaques (Singer, 1982), which act as bridging points joining the 
surface and cytoskeleton. These plaques were disrupted or altered by agents that promoted 
cell growth and division, i.e. hormones, growth factors, and transforming viruses 
(Burridge, 1986). It has been found that antisense mRNA inhibited cell adhesion when 
introduced into the cells by electroporation. The oligonucleotide sequence was similar to
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sequences of known and characterised oncogenes (Watson 1992). These findings are 
consistent with the fact that the growth of cells adhering to a surface is also altered by 
those same factors that affect growth (Zachary and Rosengurtz, 1992). Adhesion plaques 
therefore have a function in the communication of regulatory signals between the cell and 
the extracellular environment and vice versa (Burridge et al., 1987).
3.11.3 Tenascin
Tenascin is a novel extracellular matrix glycoprotein, half of the molecule has 
domains similar to fibronectin. However, tenascin has a hexameric structure, whereas 
fibronectin has a dimeric structure. The distribution is more restricted than fibronectin, for 
example tenascin is not found in serum (Chiquet-Ehrismann, 1990). Tenascin has also 
been shown to have anti-adhesive properties for cells (Lotz et al., 1989). Chiquet- 
Ehrismann, 1992 found that primary chick embryo fibroblasts attached to tenascin coated 
surfaces but failed to spread. When fibronectin was included in the matrix then the 
morphology of the cell was found to be dependent on the ratio of fibronectin to tenascin. 
Tenascin is thought to inhibit cell attachment and spreading on fibronectin. Adhesion 
studies with other cell adhesion molecules laminin and GRDS showed tenascin could also 
block cell adhesion to these molecules. The inhibition of cell adhesion by tenascin was 
further investigated using monoclonal antibodies to tenascin cell binding site, which is 
situated on the arm of the molecule. When the antibody was reacted with tenascin to block 
the tenascin cell binding site, cells adhered and spread normally. Tenascin acts as an 
antagonist to fibronectin, whereas fibronectin induces cell spreading, tenascin causes the 
cells round up. Therefore, the way that these molecules act in together in vivo may have 
important effects on the growth and physiology of organisms.
3.11.4 Laminin
Laminin is a multi-domain mosaic protein (900 kdalton). Each domain having a 
different structure and specific function (Panayotou et al., 1989). Laminin is a protein 
suited to bridging between the cell and extracellular matrix, because of its extended four­
armed, cruciform shape.
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3.11.5 Vitronectin
Vitronectin (serum spreading factor) is a molecule with important roles in:
i) Cell adhesion and spreading.
ii) Coagulation and thrombogenesis (Collins et al., 1987).
iii) Complement activation, as the "S’1 protein in the complement pathway (Jenne and 
Stanley, 1985).
There are two biologically active forms, 65kdalton and 75kdalton Vitronectin. 
However, they have identical amino acid sequences and contain the (R-G-D) sequence of 
fibronectin. This sequence is the only region of homology between fibronectin and 
vitronectin. Vitronectin has been shown to account for most of the adhesion and spreading 
activity of serum (Hayman et al., 1985). Steele et al., 1991b showed that vitronectin was 
more important than fibronectin for the adhesion of BHK21 and human fibrosarcoma cells 
(HT1080). They used bovine serum which was depleted of vitronectin, fibronectin and 
both fibronectin and vitronectin. Cells failed to spread in the serum depleted of fibronectin 
and vitronectin, or vitronectin depleted serum, however, cells spread in serum depleted of 
fibronectin. Vitronectin has also been shown to be the factor which mediates nerve growth 
factor (NGF) dependent neurite outgrowth in foetal calf serum (Grabham et al., 1992). 
Vitronectin is also thought to play a role in arteriosclerosis, it has been located in 
arteriosclerotic lesions and been shown to induce haptotaxis of vascular smooth muscle 
cells. A similar process may take place in vivo causing smooth muscles cells to migrate to 
the lesion and prevent complement breakdown of the lesion (Naito et al., 1991).
3.11.6 Chondronectin, Bone sialoprotein and Osteopontin
Chondronectin is a disulphide linked multimer of 180kdaltons. In vivo these 
molecules anchor the cells to the extracellular matrix (collagen) of connective tissue and 
the basement membrane of epithelia. Osteopontin and bone sialo protein are proteins that 
are thought to anchor osteoclasts to bone. Both of these molecules are have the R-G-D 
sequence for cell binding in vitro, although binding to this has domain not been shown in 
vivo (Flores etal., 1992).
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3.11.7 Influence of artificial cell adhesion molecules on cell adhesion and 
spreading
The influence of active R-G-D (Arg-Gly-Asp) sequence on cell adhesion and 
spreading has been studied using hybrid molecules developed from GRGDSPC (Gly-Arg- 
Gly-Asp-Ser-Pro-Cys) peptide synthesis (Pierschbacher and Ruoslahti, 1987) and bovine 
serum albumin (BSA). These have been used to model RGD-bearing extracellular matrix 
molecules. It was shown that RGD-albumin conjugates pre-adsorbed to cell culture 
polystyrene promoted cell adhesion. However, soluble RGD-albumin constructs added to 
cells after they had adhered, caused a loss of cell adhesion (Danilov and Juliano 1989). In  
vivo studies using RGD-albumin constructs adsorbed onto polyurethane sponge showed 
that the RGD-albumin molecule had as good cell ingrowth as a fibronectin coated sponge. 
However, cell ingrowth was retarded on uncoated or albumin coated sponges (Kishida et 
al., 1992b).
The number and position of the RGD groups on the albumin molecule was found 
to be important in cell adhesion. Increased cell adhesion was shown occur in a non-linear 
fashion with the increased ratio of RGD to albumin molecules. A critical maximum 
distance between RGD peptide on albumin molecules was found to be an important factor 
in determining cell adhesion. The distance between RGD residues on albumin or 
fibronectin maybe altered by changing the shape of the molecules (Danilov and Juliano,
1989). This agrees with finding that cell adhesion is reduced on hydrophobic surfaces, 
because of changes in the shape of fibronectin. This change in shape affects the orientation 
of the RGD-albumin hybrid and its ability to bind to the integrin receptor on the cell.
Another peptide sequence from the fibronectin molecule PASS (Pro-Ala-Ser-Ser) 
has been identified, this molecule inhibited fibronectin binding to the cell surface, it was 
also shown to cause cell migration both in vivo and in vitro (Katow et al., 1990). It is 
thought that the RGD and PASS sequence act in concert to control cell adhesion and 
migration.
Protein adsorption to surfaces is fundamental to many biological phenomena 
especially cell adhesion. Adsorption phenomena are veiy complex due to the molecular 
forces between the proteins and surface. It is clear that the nature of the surface is
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important in determining the conformation, orientation and concentration of protein 
adsorbed to that surface. A wide range of specific adhesion molecules have been 
discovered from many different tissues. Cell surface receptors known as integrins bind to 
specific adhesion molecules (eg. fibronectin and vitronectin etc.). The receptor on the 
integrin molecule recognises a specific amino acid sequence, the most common sequence 
is known as RGD. The RGD sequence of amino acids is found on a wide variety of 
adhesion molecules. If the adhesion protein adsorbs to a surface in a conformation which 
makes the RGD sequence inaccessible to the integrin receptor, receptor-ligand binding will 
not take place. The consequence of this is that the cell will not adhere or spread on the 
surface. Therefore, it is of utmost importance that adhesion molecules adsorbs on to the 
surface in the correct conformation. One of the key surface properties which influences the 
conformation of adsorbed protein is hydrophobicity. If a surface does not have the 
appropriate hydrophobicity then the adsorbed protein will be in the wrong conformation 
for good cell adhesion. The importance of the RGD molecule has been shown in 
experiments where the RGD sequence is added to a protein which normally does not 
function as an adhesion molecule. Adding the RGD sequence to a non-specific cell 
adhesion molecule causes it to be become adhesive. The presence of specific cell adhesion 
proteins play a major role in the cell adhesion process. These proteins have significant 
effects on the growth of adherent cells on surfaces both in vitro and in vivo.
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3.13 Surfactants
Many water soluble polymers are surface active, when in solution they migrate to 
surfaces and adsorb on to them causing a reduction in the surface tension of the solvent. 
Surface active polymers adsorb to surfaces in a particular orientation because of their 
amphiphilic (hydrophobic/hydrophilic) nature (Hills 1988). They may also have a 
detergent effect of eluting proteins from the surface of materials (Rapoza and Horbett,
1990). Surface active polymers exist as monomers, (single unaggregated molecules), when 
they are in solution at low concentrations. As the concentration of the polymer is increased 
aggregates (micelles) of molecules form, this is known as the critical micellisation 
concentration (CMC) (Mankowich, 1954: Dwiggins et al., 1960). The micelles form such 
that the hydrophobic tails of the molecules are in contact with each other in the micellar 
core (Tanford, 1980) and the hydrophilic heads form a shell which is in contact with the 
aqueous environment. The length of the hydrocarbon chain of surfactant was found to 
influence the miscibility of surfactant micelles and adsorbed films (Matsuki et al., 1992). 
The forces that hold the structure together include hydrophobic, van der Waal’s, 
electrostatic and hydrogen bonding. Since chemical bonds are not formed, the structure is 
fluid-like and easily transformed from micelle to monomer when conditions such as 
electrolyte concentration or temperature are changed (Georgiou et al., 1992). Dubin et al.,
(1992) showed that poly (ethylene oxide) interacted with dodecylsulphate micelles and the 
complex was stabilised by cations. At concentrations above the CMC, micelles compete 
with the monomers of surfactants for adsorption on to surfaces, and as a result, the rate of 
monomer adsorption slows down (Bell, 1955). It is also possible to produce micelles in 
organic solvents, these are known as reverse micelles because the surfactant orientates its 
hydrophobic portion into the organic phase and its hydrophilic portion aggregates inside 
the core of the micelle. Reverse micelles can be used to solubilise proteins in organic 
solvents by incorporating them into the core of the micelle (Matzke et al., 1992).
Surface active polymers have been classified by i) the charge and/or nature of the
hydrophilic head, ii) the flexibility and/or chemical nature of the hydrophobic tail (Rosen,
1989). Surface active polymer head groups can classified into nonionic, anionic, cationic
and zwitterionic. Anionic head groups are negatively charged moieties such as
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carboxylate, sulphate, or sulphonate. Anionic surface active polymers are alkali metal salts 
(Na+ and K+) salt form. Zwitterionic head groups contain both a negatively charged moiety 
and a positively charged moiety; examples are betaines and sulphobetaines. Most 
zwitterionic polymers are effectively neutral, e.g. phospholipids. Nonionic head groups 
contain no charged moieties. Their hydrophilic properties are due to hydroxyl groups. 
Typical nonionic head groups are polyoxyethylenes or saccharides (Bailey and Koleske
1991). Surface active polymers with cationic head groups are usually quaternary 
ammonium compounds, most commonly available as the halide salt form, e.g. cetyl 
trimethylammonium bromide (CTAB).
The hydrophobic tails are generally straight-, branched-chain hydrocarbons or 
steroidal moieties. The straight-chain hydrocarbons are considered the most flexible. The 
steroidal moieties are relatively rigid. Another parameter used to describe surface active 
polymers especially nonionic polyoxyethylenes, is the hydrophile-lipophile balance 
number (HLB). The surfactants cetyltrimethylammonium bromide (CTAB) and n- 
dodecylhexamethyleneglycol-ether, C12E06 were reacted with complexing agents (6- 
alkylamino-methyl-2-hydroxymethylpyridine's) of various HLB's. The HLB of the 
complexing agent was shown to affect the type of micelle formed when interacting with 
the surfactant. As the chain length (hydrophobicity) increased the complexing agents were 
thermodynamically more likely to form associations (mixed micelles) with surfactants 
(Hebrant and Tondre, 1992). They found that the The HLB is a direct expression of the 
hydrophilic character of the surfactant, the larger the HLB, the more hydrophilic the 
compound (Schick 1967).
The exposure of non-ionic surfactants to sunlight and air has been shown to 
produce oxidising agents (carboxylic acids and ketones or aldehydes) (Lever, 1977). 
Surfactants are used in biochemical analysis (Poenie, 1986), and the contaminating 
oxidising agents have been shown to interfere with enzyme and protein purification 
procedures (Ashani and Catravas, 1980).
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Pluronic® F-68
Pluronic® F-68 (also known as Polaxamer 188, Synperonic F-68 and Rheothrx) is 
a synthetic surfactant which has the following structure:
ch3
I
0H(CH2CH20 )a(CHCH20 )p(CH2CH20)xH 
Hydrophilic hydrophobic hydrophilic
where a  and % are statistically equal. It has an average molecular weight of 8400, and ratio 
of polyethylene oxide/polypropylene oxide/polyethylene oxide (PEO/PPO/PEO) 
monomers of 76/30/76, respectively. Pluronic® F-68 has been assayed turbidimetrically 
(Kho and Stolten, 1963) and colorimetrically (Tercyak and Felker, 1990). It is a cell- 
protecting agent used widely in animal cell culture (Handa et al., 1987: Schneider 1989: 
Smith and Greenfield, 1992), an emulsifier of perfiuorocarbons in artificial blood 
substitutes (Schmolka, 1975) and a cryoprotectant (Ashwood-Smith et al., 1973). The in 
vivo toxicity of Pluronic® F-68 has been studied, it was found that perfluorocarbon 
Pluronic® F-68 emulsion increased leucocyte adhesion to endothelial cells and fibrin 
deposition (McCoy et al., 1984). Pluronic® F-68 was also shown to induce 
phospholipidosis in rats at a level of 500 and 1000 mg Kg*1 (Magnusson et al., 1986). The 
effect of Pluronic® F-68 on cell growth has been studied, it was shown that at low 
concentrations it stimulated the growth of melanoma and fibroblast cells. However, low 
concentrations of Pluronic® F-68 have inhibited fibroblast growth, but stimulated 
melanoma cell growth (Bentley et al., 1989a). Cawrse et al., 1991 reported that Pluronic® 
F-68 stimulated a 20-30% increase in the uptake of 2-deoxyglucose and a 200-300% 
increase in amino acid incorporation into chick embryo fibroblasts. However, this effect 
was only found in freshly prepared Pluronic® F-68 solutions. They suggest that 
contaminating oxidising agents modify the effect of Pluronic® F-68 on its cellular uptake 
of nutrients. Lane and Krukonis, 1988, purified a toxic component of Pluronic® F-68 using 
super fluid fractionation (SFF). A number of cytotoxicity tests were carried against cell 
lines using Pluronic® F-68, the SFF purified component, and Pluronic® F-68 without the 
toxic component. It was found that both the unpurified Pluronic® F-68 and the purified 
toxic component had higher toxicities than the purified Pluronic® F-68. Similar
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experiments with various purified grades of Pluronic® F-68 on rats in vivo showed that 
unpurified Pluronic® F-68 caused an increase in rat body and spleen weight (Bentley et al., 
1989b; Armstrong and Lowe, 1989). Yeast cells were found to have altered membrane 
permeability to fluorescein dye uptake in the presence of Pluronic® F-68 and Triton X- 
100. However, membrane and soluble protein profiles did not show any obvious changes 
(King et ah, 1991). In order to understand the surfactant effects on cell membranes, an 
artificial bilayer was shown to have altered permeability in the presence of the surfactant. 
In response to these problems some chemical companies (Calbiochem®) have produced 
Protein Grade detergents as 10% aqueous solution which have low peroxide, aldehyde, salt 
and heavy metal ion levels.
The effect of Pluronic® F-68 on on virus entiy into cells has been investigated. 
Pluronic® F-68 when mixed with 1-docosanol was shown to be an inhibitor of lipid- 
enveloped virus enhy into VERO cells, However, Pluronic® F-68 alone did not affect 
virus entry into VERO cells (Katz et al., 1991). A Pluronic® F-68 coating of rat mucosal 
cells in vivo was shown to be ineffective at protecting the mucosal cells from the effects of 
aspirin. However, when the mucosal cells were coated with arachidonic acid/Pluronic® F- 
68 emulsion damage of the mucosal cells was significantly reduced (Tamawski et a l,
1989).
Polyvinylpyrrolidone (PVP)
PVP is a polymer of iV-vinyl-2-pyrrolidone, the monomer has the structure shown
in figure 3.4 (Tonelli, 1982), its molecular weight of the monomer is 111.1. The most
important use of PVP is in oral and topical applications, it is used as a tablet binder, tablet
colour coating or tablet subcoating of 1011 per year (Barabas, 1989). It was used a plasma
expander during World war II because when prepared as a 3.5% solution in isotonic saline,
it was effective treatment for the shock caused by severe loss of blood (Blecher et al.,
1980). At this concentration its colloidal osmotic pressure and its ability to stay in the
blood stream for two to three days makes it an excellent plasma expander. It has found
other uses as a ciyoprotectant for blood and its cellular components (Seidl and Spielman,
1969). PVP has also been used as a detoxifying agent because it can bind to toxic materials
to form a non-toxic complex which is excreted through the kidney (Suzdaleva, et al.,
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1978). When used in conjunction with other drugs PVP has been shown to have 
antineoplastic and immunosuppressant properties (Von Specht et al., 1978). PVP increases 
the effectiveness of some drugs by prolonging their availability in the body due to the slow 
breakdown and diffusion of PVP-drug complexes (Huaiying et a l 1982).
N -vinyl-2-pyrroIidone
Polyvinylpyrrolidone
Figure 3.4 The structure of V-vinyl-2-pyrrolidone and Polyvinylpyrrolidone.
Pyrrolidone molecules have been attached to various other molecules and their use 
as biomaterials is reviewed. Vinylpyrrolidone/polyvinylacetate is a copolymer of vinyl 
acetate and the N-vinyl-2-pyrrolidone (PVP-VA) (Bork and Coleman 1960). PVP-VA 
copolymers are widely used as tablet binders and tablet coatings to increase the strength of 
the tablet. They have also been used to act as slow release agents for drugs. Methyl 
pyrrolidone has been attached to chitosan and the resultant copolymer used as a 
biodegradable substitute for bone tissue (Muzzarelli, 1993).
Phospholipids
Phospholipids have functions as natural lung surfactants and components of cell 
membranes (Hills 1988). In vitro, serum-free, cell culture has shown that phospholipids 
(phosphatidic acid and lysophosphatidic acid) can stimulate cell growth and differentiation 
by interacting with insulin (Bashir et al., 1992). The lung surfactant, L-a-dipalmitoyl 
phosphatidylcholine (DPPC), has the structure shown in figure 3.5. It has a molecular
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weight of 734. DPPC's most important artificial uses are in liposome production (New et 
al., 1991) and as a biocompatible coating for materials used in biotechnological and 
biomedical applications. Few studies have been carried out on the cellular interactions with 
the phospholipids which make up these coatings. The structure of DPPC monolayers have 
been studied, DPPC monolayers were shown to have a microporous structure which is 
thought to enable the incorporation of membrane proteins when is a part of biological 
membranes (Ries etal., 1975).
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Figure 3.5 The structure of L-a-dipalmitoyl phosphatidylcholine (DPPC).
High resolution investigation of DPPC monolayers were hampered by the method of 
monolayer preparation (Neuman and Fereshtehkhou, 1988). Using dark field electron and 
fluorescence microscopy, it was found that the monolayers deposited on hydrophobic 
surfaces contained regions (0.1-0.2pm diameter) which were free of lipid (Reinhardt- 
Schlegel et al., 1991). Handa et al., 1992 investigated the interaction and the structure- 
organisations of a neutral lipid, Menaquinone-4 (MQ4), and egg yolk phosphatidylcholine 
(PC) mixtures. They found that a bilayer, intrabilayer-reversed micelles and small 
unilamellar vesicles in a large bilayer vesicle were formed depending MQ4 /  PC mole 
ratio. DPPC can form many types of structures dependent on the type and concentration of 
the molecules it interacts with.
Surfactants have a wide range of structures and this has made them suitable for use 
in many diverse applications. However, when choosing a surfactant for a particular 
application care must be taken to find the surfactant which not only carries out its function,
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3.13.1 Biomedical and biotechnological uses of surfactants
Surfactants have many diverse applications in medicine, pharmacology, food,
biotechnology and biomedical technology. In the biomedical and biotechnology areas 
polymeric surfactants are being employed as biomaterials for the delivery of drugs 
(Langer, 1992). In the past drugs have been released at a constant rate over a time period. 
The development of drug delivery systems which can modulate their release rate in 
response to physiological conditions has created a whole new set of polymers whose 
interactions at the cellular level will require a complete understanding (Kost and Langer, 
1992). Polymeric surfactants are also being used as biodegradable wound dressings and as 
biocompatible coatings for materials implanted into the body (Lee et al., 1990).
Protein coating (Human serum albumin) of nanometer sized particles has been 
shown to increase the residence time in vivo which enable them to be broken down by the 
target macrophages (Bazile et al., 1992). Microbeads of poly(L-lactic) acid and poly(DL- 
lactic) acid were implanted into bone in order to correct bone defects. Both polymers failed 
to induce bone regeneration this was though to be due to residual poly(vinyl alcohol) on 
the surface of the beads. Poly(vinyl alcohol) was used as the evaporating solvent in the 
microbead production (Anselme et al., 1992). Bioadhesive tablets made of surface active 
polymers are also being used for the development of drugs with high residence times in the 
tissues (Duchene and Ponchel, 1992), therefore, the longer term interaction between 
surfactant and cells become important. The size of the drug delivery systems is also being 
reduced, this has resulted in nanometer (90-250 nm) sized pseudolatex (polylactic acid) or 
Poly(buty 1-2-cyanoacrylate) particles which are in their early stages of development 
(Douglas et al., 1984).
Liposomes are currently be investigated as drug delivery vehicles and diagnostic 
agents in vivo (Talsma and Crommelin, 1992). Liposomes utilise the phenomenon that 
phospholipid surfactants (from which they are made) can form bilayers, and under the right 
conditions form vesicles called liposomes (Lasic, 1992), these are already used in 
cosmetics and for dermatological applications. Surface modification of liposomes with 
polyethylene glycol has been used to prevent the liposomes from self aggregating
but has also has the lowest toxicity.
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(Yoshioka, 1991) and increase their half life in vivo by "disguising" themselves from the 
immune system these are known as stealth® liposomes (Allen et al., 1991).
Pluronic® P85 (polyoxyethylene - polyoxypropylene block copolymer) micelles 
have been developed as a drug delivery vehicle. Kabanov et al., 1989 produced Pluronic® 
P85 micelles containing neuroleptic drug (Haloperidol). The Pluronic® P85 micelles were 
capable of delivering the neural drug across the blood brain barrier. It was found that 
when Pluronic® micelles were injected interperitoneally into mice a several fold increase 
in the drug activity was found in the brain, compared with the drug effect after being 
injected as a solution. Pluronic® P85 micelles have also been used to introduce fluorescein 
dye into Jurkat and MDCK (Madin Darby Canine Kidney) cells in vitro (Kabanov et al., 
1992). In order to get the cells to take up the micelles the Pluronic molecule was 
conjugated with Staphylococcus aureus enterotoxin B (SEB) which binds to a cellular 
receptor and is incorporated into the cell due to receptor mediated endocytosis. It is 
hypothesised that surfactant micelles are efficient drug delivery vehicles because they 
increase the permeability of cell membranes, facilitating the introduction of the drug into 
the ceil.
The ultimate fate of all these polymeric surfactants is their interaction with 
surrounding cells and release into the body, however, limited evaluations of the effects that 
take place at the level of cell-surfactant/protein-surface have been carried out (Langer et 
a l , 1990).
3.13.2 Surfactant/surface interactions
When a surface is placed in a surfactant solution the surfactant adsorbs on to the 
surface. This is due to mass transfer processes, which are dependent on the polymer 
diffusion rate. The adsorption is governed mainly by electrostatic and hydrophobic 
interactions (physical adsorption) (Swalen et al., 1987). As the surface becomes covered, 
then the rate of adsorption slows down because the amount of uncovered surface becomes 
limited, the surfactant has been shown to be adsorbed in a loop and train formation 
(Jenkins et a l , 1992). The chain segments of the adsorbed polymer can also be a barrier to 
other molecules adsorbing. Lastly adsorption may be retarded by structural reconformation 
of adsorbed molecules (Elaissari et al., 1992). When the surfactant adsorbs in a monolayer
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or bilayer structure, the process is known as self assembly (Chen et al., 1992). Surfactant 
adsorption depends on its structure, charge and concentration; the nature of the adsorbing 
surface, such as charge, hydrophobicity and ion-exchange capacity; the solvent and 
solution conditions, including the pH and temperature; and the type of added electrolyte 
ions competing with the surfactant for the surface (Fuerstenau, 1956).
Holly, 1979 showed that lipid (cholesteryl oleate) adsorption was reduced as 
hydrophobicity of three polymer surfaces (polyhydroxyethyl acrylate, polyglyceiyl 
methacrylate and polyaciylamide) increased. Welin-Klinstrom et al., 1993, produced a 
wettability gradient on silicon dioxide using dichlorodimethylsilane. The adsorption of 
surfactants was studied using ellipsometry. On the hydrophobic part of the gradient 
surfactant adsorption was found to be independent of the pH of the solution, whereas, the 
hydrophilic part of the gradient was strongly influenced by pH, Surfactant adsorption was 
found to be reversible when rinsing with distilled water.
Steinby et al., 1993, measured the temperature effect on the amount of the nonionic 
surfactant, nonylphenol-polyethylene oxide (NP-E02o) adsorbed on 
polymethylmethacrylate (PMMA). As the temperature was increased the amount of 
surfactant adsorbed also increased. It was hypothesised that the increased surfactant 
adsorption at higher temperature was caused by a loss of structured water around the 
polyethylene oxide moiety of surfactant. Thus the surfactant is less soluble in water, which 
increases the amount adsorbed. The interactions between solid fluorocarbon surfaces 
immersed in aqueous solutions of a poly(oxyethylene oxide)-poly(propylene oxide) - 
poly(oxyethylene oxide) block copolymer (Proxanol 268) have been studied after different 
adsorption times (Claesson et al., 1991). The study showed that the structure of the 
adsorbed layers changed during the first hours of adsorption and this consequently affected 
the force with which two surface coated with the surfactant attracted each other. This was 
due to a decrease in the amount of the tail fraction exposed, which made the adsorbed layer 
more compact and the steric hinderance forces act over a shorter range. Desorption of 
Proxanol was shown to be a slow process, however, the solution was easily desorbed when 
diluted with water.
Surfactant adsorption to solid surfaces is influenced by the environmental
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conditions (pH, temperature) and surface properties (hydrophobicity). These factors affect 
the structure and properties of the adsorbed surfactant layer.
3.13.3 Protein/surfactant interactions
Proteins may interact with surfactants when they are in solution. In the presence of 
proteins, mixed micelles may be formed as the protein forms the nucleation site for the 
surfactants. The concentration of surfactant which causes this is known as the critical 
aggregation concentration (CAC). If the soluble polymer is in excess, then both mixed and 
free micelles will be formed. The type interaction that takes place between the protein and 
the surfactant is dependent on the type of protein and surfactant (Shomaecker et al., 1988). 
In order for proteins to interact with polymers, both types of molecule have to overcome 
mutual steric exclusion. This phenomena is caused by the fact that protein coils and 
polymer coils cannot occupy the same space at the same time (Hermans, 1982). Surfactant- 
protein interactions can be classified in to three categories (Tanford 1980).
i) Surfactants bind to the hydrophobic portion of proteins by either hydrophobic or 
electrostatic interactions (Maldonado et al., 1991), this acts as a nucleation site for micelle 
formation.
ii) Binding of surfactant molecules to the protein without conformational changes in the 
protein, this type of interaction is thought to occur when protein interact with short chained 
surfactants (Creagh et al., 1993).
iii) Binding of the surfactant to the protein may cause it to undergo conformational 
changes which expose more hydrophobic sites which can then bind more surfactant 
molecules. This phenomena is known as cooperative binding with major conformational 
change and denaturation (Putnam and Neurath, 1945). In the case of the interaction of 
Sodium dodecylsulphate (SDS) with liver alcohol dehydrogenase (LADH), the activity the 
enzyme LADH was lost (Blomquist et al., 1967). It was shown that the lithium 
dodecylsulphate (LDS) micelles attached to the backbone of the a-helix of BSA in a 
"string of pearls" array, in this conformation the protein was denatured (Chen and Teixeira, 
1986). Subsequent investigations using dynamic light scattering and electrophoretic light 
scattering showed that when SDS and dodecyltrimethylammonium bromide (DTAB) were 
complexed with BSA the secondary structural change was altered and this called large
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scale tertiary structure changes (Takeda et al., 1992). Subsequent investigations have lead 
to the development of models of the structure of protein surfactant complexes. The 
"flexible helix molecule" model has been used to describe SDS interaction with the protein 
a-helix (Lundahl et al., 1986).
The interaction of SDS with proteins is particularly useful because it uncoils 
tightly folded proteins into linear molecules. Subsequently, this phenomenon has been 
exploited to purify and identify proteins from mixtures using electrophoresis. 
Electrophoresis separates employs the principle that a protein molecule migrates towards 
an electrode when subjected to an electric field. The speed and subsequent distance of 
protein migration depends on the size of the molecule i.e. smaller molecules migrate 
further than larger molecules. However, to enable size comparisons to be made between 
different proteins the molecules need to be linearised using SDS. Otherwise two different 
size proteins in there folded state may travel the same distance but are not actually the 
same size.
In some cases the interaction of surfactant with the protein causes the denatured 
protein to refold into its correct conformation and thus prevent aggregation of the proteins. 
This phenomena can be used in the recovery of proteins in downstream processing. 
Usually proteins recovered from biotechnological processes are denatured because of the 
requirement to separate the protein from other contaminating materials. PEG has been used 
to make the protein refold back to its natural conformation during the recovery process 
(Cleland et al., 1992). PEG is a suitable molecule for this application because it can 
interact with the protein but is small enough not to cause precipitation of the protein (Knoll 
and Hermans, 1983).
Duggal, 1992 showed that Pluronic F-68 was bound to IgG, fibronectin, BSA and 
newborn calf serum in solution, it was also shown that the addition of antifoam C 
(polydimethylsiloxane) reduced protein binding probably because it had a greater affinity 
for the antifoam than the surfactant. Kido et al., 1992, investigated the interactions that 
take place with water soluble polymers (Polyvinylpyrrolidone, etc.) and surfactants. This 
method was used to detect changes in the microenvironment polarity of the polymer upon
association with surfactant micelles. They showed that the interaction between polymer
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and surfactant was dependent on the chain length and the hydrophobicity of the polymer 
side group.
Protein/surfactant interactions have been studied widely because of their 
importance in protein identification and purification.
3.13.4 Protein/surfactant/surface interactions
The interactions which take place between adsorbed proteins on a solid surface and 
surfactants have been well studied. Adsorption/desorption of adsorbed protein (elution) by 
surfactants has been used to give information on protein/surfactant/surface interactions 
(Rapoza and Horbett, 1990). Adsorption of proteins on to solid surfaces from protein 
surfactant mixtures has been studied by Wahlgren and Amebrandt, 1992. They found that 
the amount of protein adsorbed on to a variety of surfaces (silicon oxide, chromium oxide, 
nickel oxide and methylated silica) was in the range which agreed with monolayer 
coverage. The adsorbed protein molecules interact with surfactants in a similar way to 
protein and surfactants in solution. The main difference being that i) the protein may either 
be completely removed from the surface (elution), ii) the protein may be removed and 
replaced by surfactant (elution and replacement), iii) the surfactant may bind to the protein 
but not cause it to be desorbed (surfactant binding), iv) Partial removal of protein (partial 
elution) (Wahlgren and Amebrandt, 1991b).
Ruckenstein and Chen, 1992 coated Polymethylmethacrylate (PMMA) with a 
monolayer of hydrophobic surfactant (SDS and Brij 35). Measurements of protein 
adsorption (albumin and fibrinogen) showed that highest protein adsorption was on the 
unmodified PMMA, then SDS coated PMMA and then Brij coated PMMA. Protein/ 
surfactant surface studies have been carried out by Welin-Klinstrom et al., 1993. They 
produced a wettability gradient on silicon dioxide using dichlorodimethylsilane. The 
adsorption of proteins and/or surfactants was studied using ellipsometry. Fibrinogen was 
adsorbed onto the surface, and then it was desorbed using different surfactants, eg. 
cetyltrimethylammonium bromide (CTAB), sodium dodecyl sulphate (SDS) and 
pentaethyleneglycol mono n-dodecyl ether (C12E5). All of the surfactants were capable of 
desorbing the fibrinogen from the hydrophobic part of the gradient, it was proposed that 
the surfactants competed with fibrinogen for the surface. Desorption of fibrinogen in the in
115
the hydrophilic part of the gradient was proposed to be due to interactions between 
fibrinogen and surfactants. Norman et al., 1992 investigated the adsorption of human 
serum albumin onto hydrophobic polystyrene microspheres. Microspheres are particles 50 
nm - 2 mm in diameter and are used for targeted drug therapy (Arshady, 1993), when 
polystyrene microspheres were coated with non-ionic surfactants, (Polaxamer's and 
Polaxamine), protein adsorption was significantly reduced. The amount of protein 
adsorption was related to the polyoxyethylene content of the surfactant. Also the uptake of 
the microspheres by liver Kupffer and macrophage cells was also decreased when coated 
with surfactant (Ilium and Davis, 1987; Ilium et ah, 1987). Moghimi et al., 1991 found 
that the uptake of polystyrene microspheres coated with polaxamers, polaxamines and 
poly(ethylene glycols) by the spleen was also dependent on the size of the microsphere 
(Atkins et al., 1993) as well as the surface coating. The protein resistance of the surfactant 
coated materials seems to be dependent on layer of PEO chains which cause steric 
repulsion of protein molecules.
The elutability of proteins from a surface has been used to determine the strength 
of protein/surface interaction and how it is affected by the length of time the protein is 
adsorbed. Lee et al., 1989 found that proteins, (Albumin, fibrinogen and whole plasma), 
did not adsorb to Pluronic F-108 or Tetronic 908 coated native polystyrene beads. 
Subsequent investigations by Tan and Martic 1990 showed that proteins could be eluted 
form native polystyrene by Pluronic F-108, this can be explained by the fact that the free 
energy of binding PPO segments is larger than that of the proteins. The proteins were 
shown to be denatured when they were adsorbed on the surface and remained denatured 
when desorbed by the addition of Pluronic F108. Jeon et al., (1991) found that PEO 
molecules attached to hydrophobic Low Density Polyethylene (LDPE) and stopped protein 
adsorption. Diffusion brings the protein and PEO chains into close proximity, at close 
distances Van der Waal’s forces attract the proteins to the PEO chains. As the PEO chains 
get closer to the proteins they compress and cause the protein to be repelled by steric 
hindrance. Jeon and Andrade (1991) showed that the repulsive effect was more dependent 
on the density of the chains on the surface, than the length of the PEO chains or the size of 
the protein molecule.
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Cook and Retzinger, (1992) carried out quantitative measurements of the elution of 
fibrinogen from unmodified and lecithin coated polystyrene-divinylbenzene beads. 98% of 
adsorbed fibrinogen was eluted from the amphiphilic or hydrophobic beads when exposed 
to an Sodium Dodecyl Sulphate and 2-mercaptoethanol aqueous solution. This elution 
efficiency was maintained even if the fibrinogen was adsorbed for 24hours at 37°C. The 
haemocompatibility of phospholipid polar groups bound to polyethylene (PE) and 
segmented polyurethane (SPEU) was determined using monoclonal antibodies directed 
against the membrane glycoprotein complex nia of platelets. The phospholipid coated PE 
was shown to have better haemocompatibility than the phospholipid coated SPEU (Tingfei 
et al., 1992). The polar phospholipid head group 2-methaciyloxyethyl phosphoiyl choline, 
(MPC) was copolymerised with rc-butyl-methacrylate (BMA). this showed excellent 
haemocompatibility by inhibiting protein adsorption (Ishihara e t a l 1992).
Protein/surfactant/surface phenomena have been studied because of the ability of 
surfactant-coated surfaces to prevent protein adsorption This type of surface is useful for 
biomaterials which need to adsorb small amounts of proteins. Surfactants are also capable 
of eluting proteins from a surface, this is useful for studying how well proteins bind to 
surfaces or how easy they are to remove from those surfaces to which they have adsorbed.
3.13.5 Surfactant effects on cell adhesion
A limited number of investigations have been carried out on surfactant effects on 
cell adhesion. However, many studies have been carried out on surface modifications by 
incoiporating surfactants into surfaces by a variety of methods, these are reviewed in 
sections 2.8.1. The effect of adsorbed detergents on the critical shear stress of Madin 
Darby canine kidney (MDCK) cells was determined using a hydrodynamic microflow 
chamber (Webb et al., 1990). They found that the incorporation of 0.003% detergents, 
SDS, Nonidet P-40 or Triton X-100, in the culture medium significantly decreased the 
strength of cell adhesion to the surfaces.
Amiji and Park, 1992 coated hydrophobised glass by adsorbing a series of different 
Pluronics®, which reduced the contact angle from 75° to 60° (increased hydrophilicity). 
They also found that fibrinogen adsorption on the coated surfaces was reduced by 95% and 
platelet adhesion and activation was dependent on the number of propylene oxide residues.
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This was hypothesised as being due to the strong hydrophobic interaction between the 
hydrophobic surface and the propylene oxide residues. It was found that 19 ethylene oxide 
residues was necessary to repel fibrinogen and platelets by steric hindrance. Adsorbed 
polyethylene glycol was unable to prevent platelet adhesion and activation. Bollands and 
Lowe, (1989) showed that spleen cells had decreased adhesion in the presence of the 
perfluorocarbon (Fluosol-DA) emulsion, which was composed Perfluorodecalin, 
perfiuorotripropylamine, Pluronic F-68, yolk phospholipids, glycerol, NaCl, KC1, MgCl2, 
CaCl2, NaHC03, glucose and hydroxethyl starch. However, the lack of adhesion was 
probably to the toxicity of the perfluorocarbon emulsion.
Rudolph et al., 1992 used lipid based microcylinders as a vehicle for controlled 
release of growth factors and as templates for cellular migration and differentiation. These 
cylinders were made of a photopolymerisable phosphatidylcholine which spontaneously 
forms a helically wrapped lipid by layers. The growth of a variety of cells lines in the 
presence of lipids was found to be unaffected and adherent human peripheral blood 
monocytes were shown to form adhesive contacts with the cylinders. However, Ivanova 
and Margolis, 1973 found that cells did not adhere to phospholipid films and Maroudas, 
1973 suggested that the poor lateral strength of such a film could not support cell adhesion. 
Schlesinger et al., 1977 also showed that primary and secondary Chick embryo fibroblasts, 
as well as 3T3 cells, were incapable of adhesion to egg phosphatidylcholine or oxidised 
cholesterol coated surfaces, Using the technique of fluorescence photobleaching recovery 
to detect fibronectin on the surface of the cells it was found that fibronectin was not 
capable of binding to egg phosphatidylcholine or oxidised cholesterol coated surfaces. 
Bridgett et al., 1992 showed that a series of PPO/PEO/PPO triblock copolymers coated on 
native polystyrene made substantial (up to 97%) reduction in bacterial adhesion.
Cell adhesion may be affected by surfactants and this depends on the type of 
surfactant and the properties (hydrophobicity) of the surface of the material.
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AIMS AND OBJECTIVES 
It is clear that the process of cell adhesion is dependent on many factors. To 
date, there has not been any single study which quantifies the strength of cell 
adhesion with respect to the many parameters and conditions of cell growth. It is the 
aim of this study to quantify and compare the strength of cell adhesion on various 
native and modified surfaces, under different experimental conditions. The salient 
objectives are:
a) To select and validate a quantitative cell adhesion test which can be applied to 
different surfaces and cell cultivation conditions.
b) To quantify the strength of cell adhesion on native and modified surfaces which 
are commonly used in the Biotechnology and Biomedical areas.
c) To study the relationship between the strength of cell adhesion and surface 
wettability for native and modified surfaces.
d) To study the effects of protein and surfactant adsorption on the strength of cell 
adhesion on native and modified surfaces.
In the following chapters, a rapid, accurate and quantitative adhesion method was 
successfully standardised in order to assess the effects of surface properties and 
media conditions on the process of cell-surface adhesion.
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4.0 MATERIALS AND METHODS
4.0 MATERIALS AND METHODS
All the chemicals were COSHH assessed during the course of this PhD programme 
according to departmental safety regulations (Appendix A).
4.1 CELL CULTURE
a) The source of BHK2113 anchorage dependent cells
The cell line used in all experiments was an anchorage dependent Baby Hamster 
Kidney cell line designated BHK21 C13. The cell line was previously established from a 
single cell (clone 13) derived from 5 normal, 1-day old syrian hamsters (litter 21), after 65 
days of continuous propagation (Stoker and Macpherson, 1964).
b) The establishment of a BHK2113 anchorage dependent cell working stock for use 
in the cell adhesion and growth experiments
Frozen stocks of BHK21 cells were stored in liquid nitrogen. Master banks of the 
original BHK21 cells were maintained as the definitive source of cells. Cells from the 
master bank were revived passaged and expanded four times. These BHK21 cells were 
then frozen in liquid nitrogen and used as the working cell bank.
The cells used in the experiments listed below were derived from the same working cell 
bank and were passaged between three and seven times after revival before being used in 
experiments.
a) Optimisation of radial laminar shear method (5.1).
b) Cell detachment experiments using a centrifugation method (5.1.1).
c) Cell detachment experiments on various surfaces using radial laminar shear method
(5.2).
d) Cell detachment experiments on modified surfaces using radial laminar shear method
(5.3).
e) Cell growth and attachment on various surfaces (5.4).
The cells were propagated in 175cm2 cell culture flasks (Flow, UK) and 50% Roswell Park 
Memorial Institute (RPMI) 1640/50% Dulbecco Minimum Essential Medium (DMEM) 
supplemented with 5% Newborn calf serum (Sera lab, UK). All cells were cultivated in 
media devoid of antimicrobial agents. All petri dishes (including those with slides or discs) 
were inoculated with 7xl04 cells cm-2 and experimental tests were carried out at various
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times after incubating the cultures in 5% C02 atmosphere 99% relative humidity at 37°C. 
All procedures were carried out aseptically under a class II laminar air flow hood (Gelman, 
UK).
c) The establishment of a BHK2X 13 anchorage dependent cell working stock for use 
in cell adhesion experiments with protein and surfactant coated surfaces
The BHK21 cells from the working bank were revived and passaged three times, 
the expansion cultures made from these were used for experiments to measure the strength 
cell adhesion to protein and surfactant coated surfaces. The cells were propagated in 
175cm2 cell culture flasks (Flow, UK) and Roswell Park Memorial Institute (RPMI) 1640 
supplemented with 5% Newborn calf serum (Sera lab, UK). All cells were cultivated in 
media devoid of antimicrobial agents. All petri dishes (including those with slides or discs) 
were inoculated with 0.7xl05 cells cm-2 and experimental tests were carried out at various 
times after incubating the cultures in 5% C02 atmosphere, 99% relative humidity, and at 
37°C. All procedure were carried out aseptically under a class II laminar air flow hood 
(Gelman, UK).
4.1.1 Sterility checks for cell culture supernatants and serum 
supplemented media
Sterility checks were carried out on all cell culture supernatants and serum 
supplemented media. A 5ml sample of the culture supernatant or serum supplemented 
medium was aseptically transferred to a sterile 7ml bijou. This was centrifuged at 3000rpm 
for 3 minutes, the opposite rotor being balanced with a bijou containing 5ml of of water. 
After centrifugation, approximately 3ml of of the supernatant was poured into a sterile 
waste bottle. The pellet was resuspended by shaking. 1ml of supernatant from the bijou 
was taken, and 2 x 0.5ml aliquots were plated out on Nutrient Agar (NA) and Sabouraud 
Agar (SA), respectively. Nutrient agar is used to detect aerobic bacteria and Sabouraud 
agar is used to detect for fungi. A further 1ml of supernatant was taken, and 2 x 0.5ml 
aliquots were pipetted into Nutrient Broth (NB) and Thioglycollate Broth (TB), 
respectively. Nutrient broth is used to detect for bacteria and Thioglycollate broth is used 
to detect for micro-aerophilic bacteria. The NA and SA plates were incubated, lid up, for 
24 hours at 37°C. They were then inverted and incubated for a further 2 weeks at 37°C.
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The NB and TB were incubated at 37°C for 2 weeks. Visual observations for 
contamination were made on all sterility checks every two days. The result of each sterility 
test was recorded after 1 and 2 weeks, respectively.
4.1.2 Recovery of serum-supplemented cells from a monolayer culture 
for counting and expanding
The monolayer of cells was checked microscopically for growth. When the cells 
had completely covered the surface of the flask, usually after 3-4 days, the flask was taken 
to be confluent. Once the monolayer was confluent then the culture was not incubated for a 
further period of time. The supernatant from a confluent culture was decanted into a waste 
container. 9ml of 0.25% (3ml/25cm2 of flask surface area) tiypsin solution was added to 
the 175cm2 culture flask. The flask was incubated at 37°C for 15 minutes and gently 
rocked periodically by hand during this incubation. The flask was removed from the 
incubator and microscopic observations were made to check that all the cells had detached 
from the surface of the flask. The tiypsinised cell suspension was poured into a 50ml 
centrifuge tube (Falcon, UK). 30ml of RPMI/DMEM with 5% serum-supplemented media 
was added to the flask to inhibit the action of the trypsin and this was then poured into the 
centrifuge tube. The cell suspension was centrifuged at 1500 rpm for 10 minutes and the 
supernatant discarded. The pellet of cells was resuspended in the centrifuge tube with 20 
ml of RPMI/DMEM with 5% serum-supplemented media. The total (viable and non- 
viable) cell density of the cell suspension was then determined.
4.1.3 Determination of the viable and non-viable cell number
lml of thoroughly mixed cell suspension was added to 4ml of Tiypan blue (Flow) 
to give a 1 in 5 dilution. Using a Fuchs-Rosenthal Haemocytometer (Weber Scientific 
UK.) the total number of cells and the total number of viable cells was determined 
(Griffiths, 1985).
4.1.4 Inoculation of culture flasks and petri dishes
Cell culture flasks were inoculated with 1.4xl05 viable cells ml-1 or 7X104 cells 
cm-2. The cultures were microscopically examined daily until they reached confluent 
growth. Petri dishes used for cell adhesion were inoculated with 1.4xl05 viable cells ml-1 
or 0.7xl05 cells cm-2.
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4.1.5 Cryopreservation of cells in liquid nitrogen
The viability and viable cell density of the cultures was determined. The viability 
of the cells was always ensured to be in excess of 95%. The cells were frozen down in 
1.8ml cryopreservation tubes (Nunc) at a viable cell density of 5 x 106 cells ml'1. The cell
(UvJ W a
freezing medium was: RPMI 1640 + 20%Acalf serum + 10% DMSO for serum- 
supplemented cells. This medium
was formulated and sterility tested prior to use and warmed to 37° C. The cells were spun 
down 1500rpm for 10 minutes, in 50ml centrifuge tubes (Beckon Dickinson). The 
supernatant was discarded and the pellet resuspended in the appropriate volume of cell 
freezing medium to give a density of 5 x 106 cells ml-1. The cell suspension was aliquoted 
into ciyotubes and the tubes were immediately transferred into -70° C freezer and left 
overnight. Next the tubes were transferred from the -70°C freezer into a liquid nitrogen 
vessel.
4.1.6 Protocol for reviving cells from liquid nitrogen storage
The cell revival medium (ie. RPMI 1640 + 5% newborn calf serum, RPMI 
1640/DMEM + 5% newborn calf serum) was prewarmed to 37° C. The cells were 
thawed in a water bath at 37° C. The cells were then inoculated in to a 175 cm2 flask to 
give a density of 1.4 xlO5 viable cells ml-1 or 7.0 xlO4 cells cm-2. A 1.0 ml sample of the 
inoculum was used to determine cell density and cell viability. The cells were incubated at 
37°C, in a 5% C02 atmosphere and 99% relative humidity. After 5 hours incubation, the 
cell culture medium was removed and replaced by fresh growth medium. A further 2ml 
sample of the inoculum was removed for sterility testing.
4.1.7 Determination of growth curves for BHK21 C13 cells on various 
materials
BHK cells were recovered from cell culture flasks, pooled together and then 
inoculated into test petri dishes at a density of 1x10s viable cells ml-1 or 7X104 cells cm-2. 
Eight dishes were inoculated with the above density of cells for each material under 
investigation.
Cell-inoculated surfaces under investigation were incubated at 37°C in a 5% C02 in air 
atmosphere. One petri dish of each material was removed from the incubator at defined
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time intervals: 2,24,48,92,120,168,212, and 308 hours, respectively. The spent medium 
from each dish was discarded into a waste container. The cells were recovered from all the 
materials using the method described in section 4.1.2, The total (viable and non-viable) 
cell density of the cell suspensions was then determined as described in section 4.1.3.
4.2 MATERIALS USED FOR CELL CULTURE AND ADHESION 
ASSAYS
The following materials were obtained in the shape of slides, coupons or sheets:
Glass microscope slides. Slide 76 x 26mm
Glass microscope slides DLC coated. Slide 76 x 26mm
Stainless steel 3 16L Bright annealed. Coupon 100mm diameter disc
Stainless steel 316L Bright annealed DLC coated. Coupon 100mm diameter disc
Stainless steel 3 16L 2B. Coupon 100mm diameter disc
Stainless steel 316L 2B DLC coated. Coupon 100mm diameter disc
Silicone nibber DLC coated, autoclaves. Sheet 100mm diameter disc
Silicone nibber, autoclaved. Sheet 100mm diameter disc
The slides, coupons or sheets were cleaned, sterilised and placed in glass petri dishes using 
aseptic techniques. Cells were inoculated directly into the petri dishes containing samples 
of the materials.
4.2.1 Glass petri dishes
114mm diameter Alum-borosilicate glass petri dishes were purchased from Schott
UK.
4.2.2 Microscope slides
76 x 22mm soda glass microscope slides were purchased from Chance Propper
UK.
4.2.3 Stainless steel 316L
Stainless steel 316L samples were kindly donated by British steel. The bright 
annealed finish on stainless steel 316L was produced by cold rolling the material and then 
heat treating (annealing) in a reducing (usually hydrogen) atmosphere. The 2B finish was 
produced by cold rolling and is a general purpose finish (British Steel, UK).
4.2.4 Polystyrene culture dishes
Native polystyrene is unsuitable for cell adhesion, spreading and growth so the 
surface is modified to make it suitable for cell adhesion and growth. Native polystyrene is 
modified to cell culture polystyrene by a process of corona discharge which introduces 
oxygen groups into the surface. This type of modification of polystyrene is the most
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popular treatment for materials used in cell culture flasks. Manufacturers such as Falcon, 
Nunc, Flow and Greiner, produce a variety of cell culture products. Primaria™ is a native 
polystyrene which has been modified by introduction of nitrogen groups into the surface 
by Falcon Labware USA (see section 2.8.4).
Polystyrene petri dishes were obtained as follow;
Native (bacteriological), batches Falcon USA # 1029,12950203 and 1058,92970110.
Also native polystyrene was purchased from Sterilin UK, Batch #5424648.
100mm diameter Cell Culture polystyrene, batches Falcon USA # 3003, unknown 
100mm diameter Primaria™ grade, batch# 3803,13041102 were purchased (Falcon UK).
4.2.5 Polymethylpentene petri dishes
Polymethylpentene is a plastic with excellent transparency, rigidity and resistance 
to chemicals and heat which makes it suitable for labware. 100mm diameter 
polymethylpentene petri dishes were purchased (Nalgene USA). The dishes were cleaned 
and sterilised as in the protocol described in section 4.3.1.
4.2.6 Medical Grade silicone rubber
Medical grade Polydimethylsiloxane (silescol silicone rubber, Sterilin UK.) was 
cut into 100mm diameter discs.
4.3 CLEANING, STERILISATION AND PHYSICAL TREATMENTS 
OF CELL CULTURE MATERIALS
4.3.1 Standard protocol for cleaning cell culture surfaces
The surfaces were washed under warm tap water to remove dust and dirt particles.
All materials were subsequently held by their edges so as not to contaminate the surface. 
The surfaces were then placed in a clean sink filled with hot tap water and 7x (Flow, UK) 
detergent, and left to soak for 30 minutes. Once rinsed the surfaces were thoroughly 
cleaned of cells and debris using a cleaning tissue (Mediwipe). The surfaces were then 
rinsed in Super-Q (Millipore, USA) water. The petri dishes were placed in sterile wrapping 
(Smith Brothers Whitehaven UK) and sealed with autoclave tape. The slides and discs 
were placed inside glass petri dishes which were then sealed in wrapping envelopes (Smith 
Brothers Whitehaven UK). After labelling the bags were autoclaved at 121 °C for 15 
minutes.
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The following cleaning and sterilisation procedure applies to:
A l u m  borosilicate glass petri dishes.
A l u m  borosilicate glass petri dishes D L C  coated.
S o d a  lime micr os co pe glass slides.
S o d a  lime mi cr os co pe glass slides D L C  coated.
Stainless steel 3 1 6 L  Bright annealed.
Stainless steel 3 1 6 L  Bright annealed D L C  coated.
Stainless steel 3 1 6 L  2B.
Stainless steel 3 1 6 L  2 B  D L C  coated.
Polymethylpentene.
Polymethylpentene D L C  coated.
Cell culture treated polystyrene D L C  coated.
Primaria polystyrene D L C  coated.
Native polystyrene D L C  coated.
Silicone rubber.
Silicone rubber D L C  coated.
The materials listed below were not subjected to the cleaning protocol:
Polystyrene treated for cell culture y-irradiated.
Primaria“ polystyrene y-irradiated.
Native polystyrene y-irradiated.
The above materials were produced and packaged under sterile clean room 
conditions by the manufacturer and were used without any further cleaning and 
modification.
4.3.2 Fast atom bombardment of silicone rubber
Discs of silicone rubber were partly masked with Aluminium foil and then treated
by Fast Atom Bombardment (FAB) with argon for 15 minutes (Ion Tech Ltd. UK). The 
FAB treatment was used as a method of cleaning the silicone rubber, surfaces prior to 
coating with Diamond-like carbon.
4.3.3 Coating of culture surfaces with Diamond-like carbon
All materials were pre-cleaned by Fast Atom Bombardment for 15 minutes prior to 
DLC coating. DLC films were produced by introducing acetylene gas directly into an ion 
source. The acetylene is fragmented within the source; fragments emerge as a beam which 
is directed on to a material to form the DLC deposit. The deposition rate of DLC is a 
balance between the rate of arrival of particles at the material and their removal due to 
sputtering effect of the energetic particles of the beam. Materials were placed 
approximately 400mm from the ion source. All materials were held at lxlO-4 - 3xl0*3 
mbar pressure and room temperature whilst coating. The source operated at approximately 
1000V, the deposition rate for DLC using acetylene (C2H2) was approximately 0.8pm/h.
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Materials were subjected to a wide beam for 30 minutes to give a coating thickness of 
0.4pm, across the whole sample surface (Franks, 1989).
4.3.4 Corona discharge treatment of materials
Petri dishes were subjected to either a 1 or 2 minute high voltage (2.5kv) discharge 
in air by a vacuum leak detector (Thomas Scientific, USA). The leak detector was held 
approximately 0.5 to 1.5cm above the petri dish surface. The spark was moved 
continuously over the surface of the dishes in a circular movement, so that whole surface 
of the dish was treated. The spark was grounded to a stainless steel earthed plate 
underneath the dish (figure 4.4.1).
2.5 kv high tension 
vacuum leak detector
4.3.4.1 Heat sterilisation of materials
The list below shows the materials which were heat sterilised in a Rodwell series 
32 steam autoclave at 121°C, lbar (15psi) for 15 minutes:
A l u m  borosilicate glass petri dishes.
A l u m  borosilicate glass petri dishes D L C  coated.
S o d a  lime microscope glass slides.
S o d a  lime microscope glass slides D L C  coated.
Stainless steel 3 1 6 L  Bright annealed.
Stainless steel 3 1 6 L  Bright annealed D L C  coated.
Stainless steel 3 1 6 L  2B.
Stainless steel 3 1 6 L  2 B  D L C  coated.
Polymethylpentene.
Polymethylpentene D L C  coated.
Silicone rubber.
Silicone rubber D L C  coated.
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4.3.4.2 Ethanol sterilisation of corona discharge and DLC coated plastics
Polystyrene petri dishes with and without DLC coating could not be heat sterilised. 
Therefore, after cleaning and corona discharge the polystyrene petri dishes were sterilised 
by immersion in 95% ethanol for 12 hours, washed with sterile water and air dried for 30 
minutes. (Klebe et al., 1981). As a control, cleaned dishes, not subjected to the corona 
discharge, were also sterilised in this way.
4.3.4.3 Sodium hypochlorite sterilisation of corona discharge and DLC 
coated plastics
The petri dishes were sterilised by immersion in 1% sodium hypochlorite for 12 
hours, washed with sterile water and air dried. As a control, dishes not subjected to the 
corona discharge were also sterilised in this way.
4.3.5 CHEMICAL AND SURFACTANT TREATMENTS OF 
SURFACES
In this experiment cleaned / sterilised glass petri dishes and native polystyrene petri 
dishes were treated with sodium hydroxide, Bovine Serum Albumin, fibronectin, 
Polyvinylpyrrolidone, Polyvinylpyrrolidone/vinylacetate block copolymer and Pluronic® 
F-68 as described below.
4.3.5.1 Denatured BSA Treatment
a) Dry film of BSA on surface
A solution of 1% w/v bovine serum albumin (Sigma UK) was filter sterilised by 
passage through a 0.2pm hydrophilic filter (DSLKNFP, Pall UK). The sterile BSA was 
heat denatured @ 80°C for 5 minutes in order to reduce any specific cell adhesion 
molecule binding activity. The denatured BSA solution was added to eight sterile petri 
dishes at a volume of 0.25ml cm*2. The dishes were incubated at room temperature for 30 
minutes to allow protein adsorption, any excess protein solution was decanted from the 
dishes. The surface was then allowed to air dry for 30 minutes (Klebe et al. 1980). Cell 
cultivation was subsequently carried out on these surfaces.
b) Adsorption of BSA from supplemented medium
RPMI1640 + 5% NBCS growth medium was supplemented with the 1% BSA 
solution to give a final concentration of 0.2% BSA. The 0.2% BSA supplemented cell
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4.3.5.2 NaOH (0.1M) treatment
Sets of eight alum borosilicate glass petri dishes were treated before and after 
autoclaving with 0.25ml cm-2 of 0.1M NaOH solution (BDH). Dishes were incubated at 
37°C for 24 hours, excess alkali was decanted from the dish and the surface was rinsed 
with sterile water and allowed to air dry for 30 minutes.
4.3.5.3 Pluronic® F-68 treatment
a) Dry film of Pluronic® F-68 on surface
A 1% w/v Pluronic® F-68 solution (BASF, UK) was sterilised at 121°C for 15 
minutes. The Pluronic® F-68 solution was poured onto sterile native polystyrene and 
alum-borosilicate petri dishes (at a volume of 0.25ml cm-2) and incubated at room 
temperature for 30 minutes. The excess Pluronic® F-68 solution was decanted from the 
dish and the surface air dried for 30 minutes at room temperature.
b) Surface adsorption of Pluronic® F-68 from supplemented media.
A 10% w/v Pluronic® F-68 solution (BASF, UK) was sterilised at 121°C for 15 
minutes, the solution was allowed to cool to below 40°C. RPMI1640 + 5%NBCS growth 
medium was supplemented with the 10% Pluronic® F-68 solution to give a final 
concentration of 0.2% Pluronic® F-68 solution. The 0.2% Pluronic® F-68 supplemented 
cell culture medium was only used directly for cell cultivation and adhesion experiments 
and not for cell passaging, etc..
4.3.5.4 Polyvinylpyrrolidone (PVP) treatment
a) Dry film of PVP on surface
A 1% w/v PVP C30 solution (ISP Europe, UK) was sterilised at 121°C for 15 
minutes, the solution was allowed to cool to below 40°C. The PVP C30 solution was 
poured onto sterile native polystyrene and alum-borosilicate petri dishes (at a volume of 
0.25ml cm-2) and incubated at room temperature for 30 minutes. The excess PVP C30 
solution was decanted from the dish and the surface air dried for 30 minutes at room 
temperature.
b) Adsorption of PVP from supplemented medium
A 10% w/v PVP C30 solution (ISP Europe, UK) was sterilised at 121°C for 15
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culture medium was used directly for cell cultivation and adhesion experiments.
minutes, the solution was allowed to cool to below 40°C. RPMI1640 5%NBCS growth 
medium was supplemented with the 10% PVPC30 solution to give a final concentration of 
0.2% PVPC30. The 0.2% PVPC30 supplemented cell culture medium was only used 
directly for cell cultivation and adhesion experiments.
4.3.5.5 Vinylpyrrolidone/vinylacetate (PVP VA) treatment
a) Dry film of PVP VA on surface
A 1% w/v PVP VA S-630™ solution (ISP Europe, UK) was sterilised at 121°C for 
15 minutes, the solution was allowed to cool to below 40°C. The PVP/VA S-630™ 
solution was poured onto sterile native polystyrene and alum-borosilicate petri dishes (at a 
volume of 0.25ml cm-2) and incubated at room temperature for 30 minutes. The excess 
PVP/VA S-630™ solution was decanted from the dish and the surface air dried for 30 
minutes at room temperature.
b) Adsorption of PVP VA from supplemented medium
A 10% w/v PVP VA S-630™ solution (ISP Europe, UK) was sterilised at 121°C 
for 15 minutes, the solution was allowed to cool to below 40°C. RPMU640 + 5%NBCS 
growth medium was supplemented with the 10% PVP VA S-630™ solution to give a final 
concentration of 0.2% PVP VA S-630™. The 0.2% PVP VA S-630™ supplemented cell 
culture medium was only used directly for cell cultivation and adhesion experiments.
4.3.5.6 Fibronectin treatment
a) Dry film of Fibronectin on surface
lmg ml"1 Bovine plasma fibronectin (Sigma) was diluted in phosphate buffered 
saline solution to give a 2pg cm-2 concentration. The fibronectin solution was allowed to 
adsorb onto the surfaces for 1 hour and air dried for 30 minutes.
b) Adsorption of Fibronectin from supplemented medium
lmg ml"1 Bovine plasma fibronectin (Sigma) was diluted in RPMI 1640 + 
5%NBCS supplemented media to give a 2pg cnr2 concentration. This was only used 
directly for cell cultivation and adhesion experiments.
4.4 Cell detachment assays
The radial laminar shear and centrifugation methods were selected in order to 
compare the forces required to detach cells from materials because these techniques:
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i) subject the cells to a wide range of forces.
ii) can be used to quantify cell detachment forces.
iii) have simple apparatus which do not require complicated and lengthy equilibration 
procedures.
4.4.1 Radial laminar shear method
The cell detachment device (CDD) was used to measure the force required to 
detach animal cells adhering on a surface (Crouch et al., 1985). The CDD consists of a 
compressed air supply connected to pressure vessel containing Phosphate buffered saline 
(PBS) @ 37°C. The air supply and pressure vessel act as a means of delivering the PBS to 
a perspex nozzle (figure 4.4.2). The flow rate of PBS into the nozzle was carefully 
controlled using a system of clamps and a liquid flow meter graduated from 200ml min-1 - 
3000ml min-1 (GAP, Basingstoke, UK). Accurate control of the flow rate was required so 
that the force of the liquid impinging on the cells adhering onto the surface could be 
determined. The forces generated by the nozzle of the CDD resulted in cells detachment 
from the surface (figure 4.4.3).
Theoretically the shear force decreases proportionally to the distance away from 
the nozzle in a laminar flow situation (fig 4.4.3). When the shear force is greater than die 
force attaching the cells to the surface, the cells detach from the surface. At some point, the 
shear force on the cells is equal to the force holding the cells to the surface and no further 
cells are detached. Therefore, the zone of detached cells shows the point where the shear 
force exactly matches the force holding the cells to the surface. This is known as the 
detachment radius. The flow characteristics of the CDD had been previously validated in 
SERC project number GR/C/97439 (Spier and Fowler,1985). The CDD was shown to 
operate in the laminar region in the flow rate range of 1 to 30 ml s_1.
The CDD was set up as in figure 4.4.2. 5L of phosphate buffered saline (PBS) was 
added to the pressure vessel and allowed to equilibrate at 37°C. The inlet of the pressure 
vessel was then connected to a compressed air supply and the outlet of the pressure vessel 
was connected to a liquid flowmeter and nozzle. All clamps were shut and the compressed 
air supply was switched on and the air pressure was adjusted to 0.5 Bar by openings clamp 
1 and 2. Then gate clamp 3 was slowly opened until the required flow rate was obtained.
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Clamp 3 must be opened slowly in order to reduce the effect of turbulent liquid flow 
through the nozzle on to the surface, this can result in variations in detachment radii. 
Clamps 1 and 2 were then closed. The cells were subjected to a radial laminar shear force 
produced by PBS flowing out from the centre of the nozzle and over the monolayer of 
cells. In preliminary experiments the spent medium, overlaying the cells was decanted 
from the petri dish. However, in later experiments this medium was left on the monolayer 
whilst the adhesion test was being carried out.
The detachment radius was visualised by staining the cells on each dish. They were 
fixed with 10% v/v formaldehyde (BDH) in PBS (Oxoid) and stained with 0.1% w/v 
Crystal Violet (BDH) in 10% v/v methanol (BDH). The critical radius was determined by 
measuring the distance between the centre of the detachment radius and the edge of the 
detachment radius. Four separate measurements were made for each radius, and the mean 
critical radius was determined. The shear force was calculated by:
Where T o -  Surface shear force (Nm-2).
Ql  -  Volumetric Flow rate <m3s-1).
\
rj = Viscosity (KgnrV1). 
d!2 -  Critical radius (m).
H 2 = Distance between plate v'u.d disx' (m), (Crouch et a l 1985).
Critical radii and shear stress me^sv^em '-nts were carried out to determine:
a) whether the relationship between flow ra'e^rd Critical radius was linear and to find the 
optimum flow rate which would give Aveasurab1e c, \pal radii on the surfaces studied. The 
critical radii were plotted against flow .Xes and th*. lines of best fit and linear correlation 
coefficients were calculated. Extensive statistical analyses were used to standardise the 
radial laminar shear method.
b) the strength of cell adhesion to various materials and the effects of various treatments on 
the strength of cell adhesion to those materials.
s q n
dill?
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Figure 4.4.2. Diagram of the cell detachment device.
Section through nozzle o f the CDD Underside of CDD nozzle
Direction an d gradient of forces pr od uc ed o n  a Cell detachment z o n e  o n  a petri dish
petri dish produced b y  the R L S M
Figure 4.4.3. Diagram showing cell detachment zone and the forces produced by the 
RLSM.
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4.4.2 Centrifugation Method
Four microscope slides or polystyrene slides treated for cell culture were 
inoculated with cells using the protocols described in section 4.1.8. The slides were 
removed from culture 24 hours post inoculation and all excess media was drained from the 
surfaces. The slides were then placed in 50ml plastic conical centrifuge tubes (Falcon, 
UK). These tubes were balanced and placed in a centrifuge (Heraeus Christ or Beckman 
Instruments) with swinging bucket heads. During centrifugation, the centrifugal forces 
acted parallel to the long axis of the slides. This gave a gradient of force (1224g-2410g for 
microscope slide and 2457g-3355g for polystyrene treated for cell culture) along the length 
of the slide, this force was applied for 5 minutes (fig 4.4.4).
The force was calculated from by the equation below:
G = 0.000012 x R x N 2 
Where G = the centrifugal force.
R = Radius in cm from the centre of the drive shaft to either the top or bottom of the slide. 
N = Revolutions per minute, 
g = gravitational force.
Uncentrifuged slides were used as controls in the experiments. At the end of the 
centrifugation experiments the cells on each slide were fixed with 10% (v/v) formaldehyde 
in PBS and stained with 0.1% (w/v) crystal violet in 10% (v/v) methanol. The distance 
from the centre of the rotor to the region of greatest cell removal was determined. The 
centripetal force (RCF) for each run was calculated using the rotational speed and point of 
greatest cell removal from the axis to determine the force required to detach cells.
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Rotor of centrifuge
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(2410g) <-
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gamma-irradiated slides
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■ ■  Cells
Slide
Zone of cell removal
Top View
Cells
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Figure 4.4.4 Diagram showing the centrifugal forces on slides.
4.4.3 Statistical analysis
A range of statistical analyses were were carried out on the data presented in this
thesis:
i) Mean is the sum of the values for each measurement divided by the number of values.
ii) Standard deviation is a measure of how much the values vaiy from the mean. It is 
calculated by subtracting the value for each measurement from the mean and adding them 
together, this value is squared to give the standard error of the mean (SEM) or variance. 
The SEM is divided by the number of measurement minus one and the square root of this 
value gives the standard deviation from the mean.
iii) Percentage coefficient of variation is the SEM divided by the mean and gives the
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iv) Linear regression (Method of least squares). This method was used to determine the 
relationship between two independent variables, e.g. flow rate and critical radius, by 
quantifying the scatter of the data points and plotting the line of best fit. The calculation of 
the line of best fit uses the method of least squares. This method involves finding the line 
that has the smallest deviation from all the data points. This is carried out by squaring the 
deviations from the line and summing them. The line that has the least sum of the squared 
deviations is then defined as the line of best fit.
v) Linear regression coefficient. This coefficient quantifies the scatter of two variables, it 
has a value between 0 and 1, a value of 0 means that there is no relationship between two 
variables. A value of 1 means that the two variables are dependent on each other. These 
parameters were computed on a BBC A3000 using a basic program supplied by Dr. N. 
Maroudas for the mean and standard deviation The regression analysis program was 
obtained from A&B computing, 1984.
4.5 Contact angle measurements
Contact angles were measured on materials at various stages of cleaning and 
sterilisation using the sessile drop technique. The equipment consisted of a horizontal stage 
on which each test material was mounted. Care was taken not to contaminate the surface of 
the materials and so all handling was carried out at the sample edges. The water for 
washing and cleaning used in the experiments, was de-ionised by reverse osmosis and 
passed through an activated carbon filter and lastly an organex (Super Q, Millipore USA) 
filter to remove organic contaminants which may affect the contact angle measurements. 
The water was stored in new 7ml plastic bijoux whilst measurements were made. 5jxl drops 
of water were dispensed from a micro-dispenser Finnpipette (Gilson) using new lOOpl tips 
(Labsystems) for each drop. The drops were placed on the materials and illuminated from 
behind. The left and right contact angles, formed at the intersection of the drop and the 
surface were measured using a telescope with a goniometer eyepiece (see figure 4.4.2). 
The contact angle value represents the mean value of the left and right contact angles for 
10 drops. Contact angles were also measured on materials using droplets of RPMI 1640 
culture media supplemented with 5% newborn calf serum and various proteins (BSA and
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variation from the mean in terms of a percentage.
fibronectin) or surfactants (PVPC30, PVP VA-S630 and Pluronic® F-68).
Left contact angle Right contact angle
/ x ' w a t e r  droplet
X®L ®r\
” / / / / / / / < / /
Material
Figure 4.2 Left and right advancing contact angles on a solid surface.
4.6 Scanning Electron Microscopy 
4.6.1 SEM of bare surfaces
SEM analysis was carried out on surfaces before they were cleaned or used in cell 
culture. Samples were sputter coated with gold and viewed on a Cambridge MKII SEM at 
20kV. Photographs were taken on Ilford FP4 film with a 100 second time scan.
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5.0 RESULTS AND DISCUSSION
5.0 RESULTS AND DISCUSSION
The radial laminar shear method has previously beenshown to be effective for the
measurement of cell adhesion forces in mammalian cell culture (Crouch et al., 1985). 
However, the work carried out using this technique is limited and appears not to have been 
critically assessed or standardised. For example, it is not clear what the minimum number 
of samples or measurements are required for a single substrate in order for the results to be 
statistically significant. In addition, the effects of flow rate, cell cultivation time; and 
substrate properties on the measured values is not known. In the first section of this 
chapter, an extensive 12 month study was carried in order to define the optimum 
conditions of operation for the RLSM. Subsequently, studies were carried out to elucidate 
the effects of surface treatment on cell-surface adhesion. The studies included:
i) physical and chemical modifications to surfaces.
ii) measurement of the growth characteristics of cells on surfaces and there relationship to 
the strength of cell adhesion.
iii) analysis of material surfaces using scanning electron microscopy and contact angle 
measurements, and the relationship between surface properties and cell adhesion.
iv) protein/surfactant effects on the strength of cell adhesion to surfaces.
A single cell line was used in all the studies so that data could be compared directly.
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5.1 Standardisation of the Radial Laminar Shear method
A set of standard parameters were established for measuring the strength of cell
adhesion of BHK21 anchorage dependent cells to petri dish glass. The cells used in this set 
of experiments were cultivated in RPMI 1640/DMEM supplemented with 5% newborn 
calf serum. Relationships between flow rate and critical radius were determined. The 
effects of various parameters (e.g. incubation time, test duration time, etc) were 
investigated, and are discussed below.
i) Effect of varying flow rates and test times on the radial laminar shear 
forces (without a medium overlay on the cells)
Experiments were carried out on BHK21 anchorage dependent cells cultivated for 
48 hours, they were subjected to a constant shear force for 30,20,10 and 5 seconds, without 
an overlay of media. Linear relationships between flow rate and critical radii were apparent 
at all time intervals during which the cells had been subjected to radial laminar shear 
forces. It was observed, however, that at most flow rates, there was unacceptable variation 
in the critical radii values which were measured (Fig. 5.1.1,5.1.2,5.1.3 and 5.1.4).
linear regression coeffient = 0.6 Slope = 0.5 Linear regression efficient = 0.9 Slope = 0.6
Fig. 5.1.1 Graph o f flow rate against 
critical radii fo r anchorage dependent 
BHK21 cells after a 30 second test. A 
large percentage variation in the 
critical radii was seen at all flow rates 
except 3.3ml s'1 and 6.6ml s~1(48 
hours), cultivation).
Fig. 5.1.2 Graph of flow rate against 
critical radius fo r anchorage dependent 
BHK21 cells after a 20 second test. A 
large percentage variation in the critical 
radius was seen at all flow rates (48 
hours cultivation).
Flow rate (ml s ' )
Linear regression coefficient=0.7 Slope = 0.4
Flow rate (ml s' *)
Linear regression coefficient = 0.5 Slope = 0.4
Fig. 5.1.3 Graph of flow rate against Fig. 5.1.4 Graph of flow rate against critical
critical radii fo r anchorage dependent radii for anchorage dependent BHK21 cells
BHK21 cells after a 10 second test. A after a 5 second test. A smaller variation
large percentage variation in the was seen at most flow rates (48 hours
critical radii was seen at all flow rates cultivation),
except 6.6ml s'1 (48 hours cultivation).
Linear regression analysis of the flow rate versus critical radii measurements showed that 
the lines of best fit intercepted on the y-axis. These intercepts on the y-axis imply that cell 
detachment occurs at zero flow rate. As this was not the case, improved methodology and 
further standardisation was required
ii) Effect of culture medium overlay on critical radii measurements
Fig. 5.1.4 and fig. 5.1.5 compare the effect of the radial laminar shear test on cells 
with and without a medium overlay, respectively. It can be seen that by having an overlay, 
the standard deviation in the critical radii measurements were reduced for most of the flow 
rates studied. The medium overlay may be ensuring a smooth transition of laminar flow on 
to plate as the liquid leaves the nozzle of the ODD. Without the medium overlay the liquid 
flows straight into the empty space between the surface of the petri dish and nozzle of the 
CDD, and then impinges on the plate, this configuration is likely to result in flow 
variations and poor reproducibility. Therefore all further experiments were carried out 
using a medium overlay of 20ml over the cell sheet.
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Linear regression coefficient = 0.5 Slope = 0.4 Linear regression coefficient = 0,6 Slope = 0.4
Fig. 5.1.4 Graph of flow rate against 
critical radii fo r anchorage dependent 
BHK21 cells after a 5 second test. A 
smaller variation was seen at most flow  
rates (48 hours cultivation).
Fig. 5.1.5 Graph of flow rate against 
critical radii fo r anchorage dependent 
BHK21 cells after a 5 second test whilst 
the monolayer was submerged under 20ml 
of media. This shows that the variation in 
the critical radii was reduced by 
overlaying the cells in 2 0ml of media (48 
hours cultivation).
iii) Effect of cell cultivation time on critical radius measurements
Fig. 5.1.6 compares the effect of carrying out the radial laminar shear test on cells 
which had been cultivated for 24 and 48 hours on the test surfaces.
Flow rate (ml/s)
•  24 hours cultivation ▲ 48 hours cultivation
Linear Regression coefficient = 0.9 Linear Regression coefficient = 0.6
Slope = 0.4 Slope = 0.4
Fig. 5.1.6 Graph of flow rate against critical radii fo r anchorage dependent BHK21 
cells at 24 and 48 hours cultivation. This shows that after 48 hours cultivation the 
force required to detach cells from petri dish glass is less than at 24 hours.
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At all flow rates, the critical radii obtained for cells cultivated for 48 hours were larger 
than those obtained for 24 hours. This shows that the strength of cell adhesion was greater 
at 24 hours than 48 hours of cultivation. The most probable explanation for this is that after 
48 hours the cells are affected by adverse conditions in these batch cultivations eg. pH 
changes, diminishing nutrients, etc. Also, when the cell adhesion test was carried out after 
48 hours cultivation, a sheet of cells is detached rather than individual cells. As this sheet 
is detached, there is a tendency to further peel the same sheet back and this creates a 
detachment zone which is larger than the true critical radius. The relationship between 
flow rate and critical radius was linear for both periods of cell cultivation. However, at 24 
hours cultivation, the graph of flow rate versus critical radius passed through the origin, 
and a higher linear regression coefficient was obtained than the 48 hour tests. All further 
tests were therefore carried out with cells that had been cultivated for 24 hours and with a 
medium overlay over the cell sheet,
iv) Effect of sample size on critical radii
A large number of critical radius determinations (108) were carried out at a single 
flow rate of b.bmls-1, with 27 replicate petri dishes. Fig. 5.1.7 is a histogram of these 
critical radius measurements and the frequency of the size distribution. A typical normal 
distribution was obtained for the population. The percentage error in the critical radius 
measurements was determined for various sample sizes (Table 5.1.1). These results show 
that the errors become unacceptable when small sample sizes are taken.
Sample size 
(Petri dishes)
Sample size
(Detachment
radii)
Percentage error 
(%)
27 108 1.4%
13 52 1.8%
8 32 4.5%
5 20 7.4%
3 12 14.5%
Table 5.1.1 Effect of various sample sizes on the percentage error in critical radii 
determinations.
A  sample size of eight dishes (and 4 detachment radii measurements per dish) per 
flow rate was chosen because it gave an error of 4.5%, which is acceptable for the
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purposes of this study. All of the following experiments were therefore carried out with 
eight dishes of the test surface, at a given flow rate.
v) Critical radii determinations on various materials at different flow 
rates
Eight samples of each surface were tested at different flow rates, to determine the 
strength of cell adhesion on stainless steel 316L bright annealed, petri dish glass and DLC 
coated stainless steel 316L bright annealed. The results in fig 5.18 show that there is a 
linear relationship between flow rate and strength of cell adhesion. For all flow rates the 
critical radii were smaller on the petri dish glass than on 316L bright annealed stainless 
steel.
9 10 U 12 13 14 IS 16 17 18
Radius of detachment zone (mm)
1 Alum-borosilcate petri dish glass a  Stainless steel 316L bright annealed
Linear Regression Coefficient = 0.98 
Slope = 0.44
linear Regression Coefficient = 0.96 
Slope = 0.76
Fig. 5.1.7 Histogram showing the 
distribution of critical radii at a flow  
rate of 6.6mls'1 fo r 27 replicate 
dishes. The variation in critical radii 
was reduced to 4.5% when using 
eight samples (dishes) after 24 hours 
cultivation with medium overlay.
Fig. 5.1.8 Graph showing relationship 
between flow rate and critical radii fo r  
BHK21 anchorage dependent cells on 
stainless steel 316L bright annealed and 
petri dish glass at various flow rates (24 
hours cultivation and medium overlay).
This shows that the strength of cell adhesion is stronger on alum-borosilicate petri dish 
glass than stainless steel 316L, at all the flow rates which were tested. Fig 5.1.9 compares 
the critical radii at different flow rates for stainless steel 316L bright annealed and DLC 
coated stainless steel 316L bright annealed. It shows them to have a similar size of critical 
radii. This suggests that the strength of cell adhesion is similar on these two materials. As 
before linear relationships between the strength of cell adhesion and flow rate were 
observed. The coating of DLC on stainless steel also resulted in lower variability 
compared with the uncoated stainless steel. Therefore, the diamond-like carbon coatings 
may be used to improve the quality of the surface with respect to cell adhesion phenomena.
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Flow rate (ml s’1)
•  S tain less steel 316L bright annealed DLC coated  
Linear Regression Coefficient = 0.90 
Slope = 0.70
A Stainless steel 316L  bright annealed 
Linear Regression Coefficient = 0.95 
Slope = 0.75
Fig. 5.1.9 Graph showing the relationship between flow rate and critical radii fo r BHK21 
cells on stainless steel 316L bright annealed and stainless steel 316L bright annealed D LC  
coated.
vi) Strength of cell adhesion to Primaria™ and cell culture treated 
polystyrene
Figure 5.1.10 shows a graph of flow rate versus critical radii for BHK21 cells 
cultured on Primaria™ and cell culture polystyrene (/-irradiated) after 24 hours of cell 
cultivation. This graph shows that at flow rates below 3mls4 , the strength of cell adhesion 
to these treated polystyrenes is greater than either stainless steel 316L bright annealed 
(with or without DLC coating) or petri dish glass. At these low flow rates the cells had not 
detached from the surface. Extrapolation of the line of best fit for Primaria™ and cell 
culture treated polystyrene, intercepted the x-axis at 5 and 3 mis-1 respectively (fig. 
5.1.10), This is in contrast to the line of best fit for stainless steel and petri dish glass 
which intercepted the origin. At all flow rates, smaller critical radii measurements were 
obtained for Primaria™ polystyrene than cell culture treated polystyrene. This shows that 
the strength of cell adhesion on Primaria™ polystyrene is greater than cell culture 
polystyrene, and all the other materials studied so far. Falcon, the manufacturers of 
Primaria use a plasma discharge in a nitrogen atmosphere in order to covalently introduce 
nitrogen radicals into the surface. A previous study has shown that positively charged 
surfaces are more adhesive for cells in culture than plasma discharging in a vaccuum for 
the treatment of polystyrene (Klein-Soyer et al., 1989). The results in this study are in 
agreement with previous observations.
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0.00 1.25 2.50 3.75 5.00 6.25 7.50 8.75 10.00
F l o w  rate (ml s'1)
•  P r i m a r i a ™  polystyrene, y -irradiated 
linear regression coefficient =  0.86 
Slope = 0.93
ft Polystyrene treated for cell culture, y -irradiated 
Linear regression coefficient = 0.86 
Slope = 1 .0
Fig. 5.1.10 Graph showing relationship between flow rate and critical radii fo r BHK21 
anchorage dependent cells on Primaria™ and cell culture polystyrene (y-irradiated) 24 
hours cultivation.
From figures 5.1.8, 5.1.9 and 5.1.10 it can be concluded that the size of the critical 
radii increase linearly with flow rates. It was therefore decided to use a single flow rate for 
all further experiments. This flow rate was selected as 6 .61T1IS '1, in order to encompass the 
range of materials under investigation.
vii Effect of extended cultivation time on the strength of cell adhesion to 
surfaces
Figure 5.1.11-5.1.15 shows the effect of extended cultivation time on the strength 
of cell adhesion on microscope slide glass, native polystyrene y-irradiated, Primaria™ 
polystyrene y-irradiated and stainless steel 316L BA. The cell growth curves on all the 
materials are representative of the batch growth characteristics of BHK anchored cells. The 
graphs show that the strength of cell adhesion to the various surfaces (except for cell 
culture treated polystyrene) remained fairly constant from 24 - 200 hours after inoculation. 
At times below 24 hours, the cell adhesion was less for most of the materials. Therefore, in 
contrast to many previous investigations (Smith et al., 1975; Horbett et al., 1985; Andre et 
al.,1990; Dekker et al., 1991), performing the cell adhesion test at 24 hours, as opposed to 
2 hours post-inoculation, is recommended. On the surfaces, typical batch growth profiles 
for BHK cells were observed i.e. the cells showed lag, exponential, stationary and death
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phases during batch cultivation. The strength of cell adhesion during these phases 
remained fairly constant.
75 100 125
Time (h)
$ Strength of cell adhesion (Nm-2)
•  Viable cell number adhering to surface 
(xlO4 cm'2)
Fig. 5.1.11 Graph showing relationship between the strength of cell adhesion and time fo r  
BHK21 cells cultivated on cell culture polystyrene y-irradiated.
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Fig. 5.1.12 Graph showing relationship between the strength of cell adhesion and time fo r  
BHK21 cells cultivated on soda lime glass microscope slides.
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Time (h)
J  Strength of cell adhesion (Nm-2)
•  Number of cells adhering to the surface 
(xlO4 cells cm'2)
Fig. 5.1.13 Graph showing relationship between the strength of cell adhesion and time fo r  
BHK21 cells cultivated on Native polystyrene y-irradiated.
Time(h)
J  Strength of cell adhesion (Nm*2)
•  Viable cell number adhering to surface 
(xlO4 cm*2)
Fig. 5.1.14 Graph showing relationship between the strength of cell adhesion and time fo r  
BHK21 cells cultivated on stainless steel 316L BA.
i
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S.
Time (h)
$ Strength of cell adhesion (Nm-2)
•  Viable cell number adhering to surface 
(xl04cm*2)
Fig. 5.1.15 Graph showing relationship between the strength of cell adhesion and time fo r  
BHK21 cells cultivated on Primaria™ ^-irradiated.
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Relationship between the strength of cell adhesion and the maximum 
number of viable cells adhering to materials
Fig. 5.1.16. shows the relationship between the strength of cell adhesion (as 
measured at 24 hours), and the maximum number of cells adhering to materials in a batch 
cultivation. The native polystyrene y-irradiated, stainless steel 316L BA and polystyrene 
Primaria™, y-irradiated showed a linear increase in the maximum numbers of viable, 
adhered cells, as the strength of cell adhesion increased. However, polystyrene cell 
culture, y-irradiated and soda lime microscope glass do not follow this relationship. Both 
of these materials had the highest numbers of adhered cells, but only supported an 
intermediate value for the strength of cell adhesion (2.6 and 2.7Nnr2).
The reason that polystyrene cell culture, y-irradiated and soda lime microscope 
glass do not follow this relationship may be due to surface contamination. This is 
explained as follows: scanning electron micrographs (Plates 5.1.1.-5.1.5) show the 
surfaces of native polystyrene y-irradiated, stainless steel 316L BA, polystyrene 
Primaria™, y-irradiated polystyrene, cell culture, y-irradiated and soda lime microscope 
glass.
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Strength of cell adhesion (Nm-2)
Fig. 5.1.16 Graph showing the relationship between the strength of cell adhesion and 
maximum cell density fo r BHK21 (serum supplemented) cells cultivated on various 
surfaces.
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The materials that follow the linear trend of increasing adhesiveness (i.e. stainless steel 
316L BA native and Primaria™ polystyrene) had smooth surfaces, with no obvious 
contamination. However, the y-irradiated, cell culture polystyrene and soda lime glass 
were both contaminated with unknown materials, soda lime glass may require more 
extensive cleaning to remove surface contaminants. The maximum number of adhering 
cells to the surfaces were higher than all others tested. It is possible that the cells may have 
been adhering to the contaminating particles instead of the surface. If the contaminating 
particles were hydrophilic or positively charged then the particles would have enhanced 
the adhesiveness of cells to the particle. In this way these, the surfaces supported a high 
number of cells. However, when it came to subjecting the cells to the adhesion test the 
cells were removed with a smaller force than expected, possibly because the contaminating 
particles covered with cells, were removed by the laminar shear force. In the above 
experiments, the soda lime glass and stainless steel were cleaned according to the protocol 
described in the materials and methods section 4.3.1. The plastics were used, straight out 
their packages, as received from the manufacturers. It is noted that the y-irradiated cell 
culture polystyrene was unacceptable due to the surface contamination.
In conclusion, it appears that for some materials, i.e. those that have smooth, 
uncontaminated surfaces, the maximum number of cells increase with the strength of cell 
adhesion. However, surfaces which have particulate contamination give rise to a higher 
maximum cell density. However, it seems that these particles are removed easily from the 
underlying surface during the cell adhesion tests.
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Plate 5.1.1 Electron micrograph of Primaria™ y-irradiated.
Plate 5.1.2 Electron micrograph of Tissue culture polystyrene y-irradiated
Plate 5.1.3 Electron micrograph of Native polystyrene y-irradiated.
Plate 5.1.4 Electron micrograph of Stainless steel 316LBA.
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Plate 5.1.5 Electron micrograph of microscope slide soda lime glass.
.Summary
In summarising, the standardisation procedure used in this section highlights a 
number of important phenomenon which previous investigators using the RLSM have 
been ignored (Crouch et al, 1985; Spier et al., 1987). In their work, these investigators did 
not study the factors which affect the variation in the size of the detachment zones. 
Without this information it is almost impossible to know the number of samples required 
to give statistical confidence in the test method. They also did not investigate the effect of 
cultivation time on the strength of cell adhesion. Without this data the most representative 
time for measuring the strength of cell adhesion cannot be found. The standard parameters 
which are recommended for use in the radial laminar shear method are as follows:
a) eight sample dishes of the material under test.
b) A flow rate of 6.6ml s'1 for the PBS used in the Radial laminar shear method.
c) BHK21 anchorage dependent cells cultivated for a period of 24 hours @ 37°C in a 
5% C02 atmosphere, in RPMI/DMEM + 5% newborn calf serum.
d) A laminar shear force applied for a period of 5 seconds.
e) A standard cleaning protocol for all samples, as described in section 4.3.1.
f) A medium overlay on the cells whilst carrying out the adhesion test
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It was shown also that for some materials the strength of cell adhesion increased as 
the maximum number of cells adhering to the surface increased. The materials that did not 
follow this relationship were shown to be contaminated with surface particles. This shows 
the importance of using uncontaminated materials in cell adhesion tests. In the following 
sections, this standardised methodology will be used to study various cell adhesion 
phenomena.
5.1.1 Cell detachment experiments using a centrifugation method
Experiments measuring the strength of BHK cell adhesion on cell culture treated 
polystyrene, using a centrifugation method, (materials and method section 4.4.2) showed 
that a force of 2716g (6.5Nrrr2) was required to detach cells. In comparison, a value of 
4200g (13.2Nmr2) was reported by Hertl, 1984a; and a value of 3.9Nnr2 was found in 
experiments carried out in this work, using the RLSM. The difference between the 
strengths of cell adhesion determined using the centrifugation method and the RLSM is 
most likely due to the way the force is applied the cells. When the cells are detached using 
the RLSM it thought that the cells peel of the surface, this mode of detachment was 
modelled by Hubbe, (1982) and the force required to detach cells was found to be less than 
that for the centrifugation method. The difference in the results from Hertl et a l 1985a 
and those in this study is probably due to the fact that Hertl used Vero cells and 5% foetal 
calf serum. Plates 5.1-5.3 show the patterns of cell growth on slides of cell culture 
polystyrene, which were subjected to the centrifugation technique. Plates 5.2-5.3 show 
that not all of the cells are removed from the polystyrene surfaces after the centrifugation 
test. In addition, it is difficult to clearly define the regions of complete cell detachment 
when observing the whole slide. Under the microscope, it is apparent that some regions are 
clearly defined, (eg. Plate 5.2), but others are not,
The results obtained by the centrifugation method were difficult to interpret. The 
problems encountered with the technique were: i) majority of the glass slides broke during 
the centrifugation treatment, ii) difficulty in producing slides of the appropriate materials 
under investigation, iii) it was not possible to clearly define the cell detachment region on 
a whole slide (Plates 5.1-5.3). Therefore, the centrifugation method is not recommended as 
a technique for measuring the strength of cell adhesion.
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Plate 5.1 Showing a sheet of BHK cells growing on a slide of cell culture polystyrene, y-
irradiated.
Plate 5.2 Showing the boundary of cell removal on a slide of cell culture polystyrene, y- 
irradiated after the centrifugation test.
Plate 5.3 Showing the region of cell removal on slides of cell culture polystyrene (y-
irradiated) after the centrifugation test.
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5.2 Strength of cell adhesion on various substrates
In this section, experiments were carried out to measure the strength of cell 
adhesion on a range of materials which are routinely used in the biomedical and 
biotechnology industiy. In addition, the properties of DLC were investigated further. 
Surfaces modified by coating with DLC were sterilised using ethanol, since DLC coated 
plastics would have melted if sterilised by heat. The strength of cell adhesion 
measurements were made using the RLSM, using the standard operating parameters which 
were determined by experiments shown in the previous section.
Table 5.2.1 shows that the strength of cell adhesion to most materials lies in the 
range of 2 to 5 Nm-2. Exceptions to this were: native polystyrene and autoclaved native 
polymethylpentene (which had values of less than 1 Nm-2), and Primaria™ polystyrene 
which had the highest value 5.5 Nm-2. The values of 0.4 and 5.5 Nm'2 may represent the 
minimum and maximum values for the strength of BHK21 cell adhesion to surfaces. In the 
literature, the values for the strength of adhesion measured by the RLSM to y-irradiated, 
cell culture polystyrene and glass are 4.47 and 4.39Nnr2, respectively (Spier et al., 1987). 
The range of treated materials, (which were originally randomly selected), maybe 
classified into Low, Intermediate or High with respect to the strength of BHK21 cell 
adhesion supported by them.
i) High and low cell adhesion surfaces
Native polystyrene and polymethylpentene are known to support poor cell 
adhesion and this has been confirmed by the RLSM quantification. This poor cell adhesion 
can be attributed to the poor wettability (low surface energy) of these surfaces. Primaria™ 
polystyrene (y-irradiated) on the other hand, was shown to support very good cell adhesion 
and this can be attributed to the special corona discharge treatment carried out by the 
manufacturers. This treatment increases wettability (surface energy) and confers the 
polystyrene with a positive charge, such that surface properties are similar to those of 
extracellular matrix found in vivo (Falcon Plastics technical bulletin, FN86110907).
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Material Strength of Standard 
cell adhesion error of 
(Nm*2) the mean 
± standard 
deviation.
%Coefficient 
of variation
Polystyrene Primaria™, /-irradiated 5.5 ± 2.57 1.15 46.8%
Glass microscope slides. 4.4 ±1.01 0.45 22.7%
Polystyrene cell culture, /-irradiated. 3.9 ±0.73 0.33 18.9%
Polystyrene cell culture, ethanol sterilised. 3.7 ±0.37 0.16 10.0%
Alum-borosilicate Petri dish glass. 3.6 ±0.56 0.25 15.4%
Glass microscope slides DLC coated. 3.6 ±0.62 0.28 17.4%
Petri dish glass DLC coated. 3.1 ±0.40 0.18 12.7%
Polystyrene cell culture, DLC coated, 
ethanol sterilised. 2.9 ±0.24 0.11 8.3%
Polystyrene Primaria™, ethanol sterilised. 3.2 ±0.25 0.11 7.7%
Polystyrene Primaria™, DLC coated, 
ethanol sterilised. 2.9 ± 0.25 0.11 8.5%
Stainless steel 316L Bright annealed. 3.2 ±0.10 0.04 3.1%
Stainless steel 316L Bright annealed 
DLC coated. 3.2 ±0.13 0.06 4.0%
Polymethylpentene 
DLC coated autoclaved. 3.1 ±0.25 0.15 7.9%
Stainless steel 316L 2B. 3.1 ±0.25 0.05 3.5%
Stainless steel 316L 2B, DLC coated. 3.0 ±0.09 0.04 2.9%
Polystyrene native, DLC coated, 
ethanol sterilised. 2.9 ±0.25 0.11 25.4%
Silicone rubber DLC coated, autoclaved. 2.7 ±0.08 0.04 2.9%
Silicone rubber, autoclaved. 2.5 ±0.12 0.05 4.8%
Polymethylpentene autoclaved 1.4 ±1.34 0.60 98.5%
Polystyrene native, ethanol sterilised. 0.8 ± 1.10 0.49 137.5%
Polystyrene native, /-irradiated. 0.4 ±0.85 0.38 223.6%
Table 5.2.1 Strength of cell adhesion of BHK21 cells in serum supplemented mediun on 
various materials.
ii) Intermediate adhesive surfaces
A range of materials (glass, stainless steel and polystyrene treated for cell culture) 
were found to have strengths of adhesion in the range of 2 to 5 Nm-2 for BHK21 cells. 
The values for the strength of cell adhesion were similar to those found by Crouch et al., 
1985. Cells were found to adhere to these materials with an intermediate strength of 
adhesion when compared with Primaria™ and native polystyrene or polymethylpentene. 
This result is not unexpected because these materials are wettable (high surface energy). In
addition, these materials are negatively charged as opposed to Primaria™ polystyrene
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which is positively charged. Therefore, in order to have high cell adhesion, the materials 
should be wettable and positively charged
iii) DLC coating on low and high adhesive surfaces
DLC coating on low and high adhesive surfaces altered the strength of adhesion of 
cells, compared to the uncoated materials. The value for the strength of cell adhesion was 
0.4 Nm-2 for native polystyrene without DLC, and this was increased to 2.9 Nm-2 after 
coating with DLC. DLC coating on highly adhesive Primaria™ polystyrene reduced die 
strength of cell adhesion from 5.5 Nm'2 Primaria™ polystyrene to 3.2 Nm'2 (Primaria™ 
polystyrene DLC coated). Therefore, DLC coatings resulted in similar strengths of cell 
adhesion, irrespective of the underlying surfaces. It can also be concluded that DLC is 
comparable to the most commonly used cell cultivation materials, with respect to its cell 
adhesion properties.
iv) DLC coating of Intermediate adhesive surfaces
DLC coating on the intermediate adhesive surfaces i.e. petri dish glass, stainless 
steel, made little difference to the strength of cell adhesion to these surfaces. This implies 
that cells adhere to DLC with a similar strength of adhesion as the intermediate materials. 
This is also confirmed by previous results in that DLC coatings completely masked the 
properties of the underlying material.
v) Material variability
It must be noted that the statistical data analysis showed that some of the materials
listed in Table 5.2.2. had exceptionally high standard deviations. The effect of DLC
coating is to significantly reduce the amount of variation in the strength of cell adhesion to
materials. This means that DLC coating of materials is a useful means of improving the
surface variability. In the case of the native plastics (eg. polystyrene), contaminants in the
surface are most likely to occur due to traces of chemicals left over from the synthesis of
the material. In addition, the SEM’s shown previously also demonstrated that that
particulate contamination of surfaces can occur. DLC coatings therefore may mask the
effects of particulate and chemical contamination. DLC coatings do not contain
contaminants because i) the surfaces are cleaned prior to coating by FAB. ii) they are
deposited from a plasma beam in a vacuum, so the amount of atmospheric contamination
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is significantly reduced, iii) the gases used to make DLC coating are of highly purifity, so 
contaminants are not introduced from the gas source. The DLC coatings are thick enough 
to effectively coat the underlying surface. DLC coatings have a veiy simple structure 
containing only carbon and hydrogen molecules. Therefore, it has been demonstrated here 
that cells require only carbon and hydrogen for adhesion. Cell-surface adhesion maybe 
classified into Low, Intermediate and High categories and the RLSM can be accurately 
used to give quantitative values on both the strength of cell adhesion, and variability of 
surfaces with respect to cell adhesion.
Material Native materials DLC coated material
Strength of %Coefficient Strength of %coefficient
cell adhesion of variation cell adhesion of variation
(Nm-2) (Nm-2)
± standard ± standard
devaition deviation
Polystyrene Primaria, Y-irradiated 5.5Nm-2 ± 2.57 46.8% 3.2Nm'2 ± 0.25 7.7%
Polymethylpentene autoclaved 1.4Nmr2 ± 1.34 98.5% 3.1Nm-2 ± 0.25 7.9%
Polystyrene native, ethanol sterilised. 0.8Nm-2 ± 1.10 137.5% 2.9 Nm-2 ± 0.25 25.4%
Polystyrene native, y-irradiated. 0.4Nm-2 ± 0.85 223.6% N/A
Stainless steel 3I6L Bright annealed. 3.2Nnr2 ± 0.10 3.1% 3.2Nm'2 ±0.13 4.0%
Silicone nibber, autoclaved. 2,5Nm*2 ± 0.12 4.8% 2.7Nm-2 ±0.08 2.9%
Glass microscope slides. 4.4Nnr2 ±1.01 22.7% 3.6Nm-2 ± 0.62 17.4%
Table 5.2.2 The effect of D LC  coating on material variability.
Summary
To summarise, the results in this study show that it is possible to accurately 
quantify the strength of cell adhesion to surfaces using the RLSM cell adhesion device. 
Cell adhesion tests carried out on various surfaces showed that BHK21 anchorage 
dependent cells were detached from the low adhesive surfaces with a minimum force of 
0.4 Nm*2, and a maximum force of 5.5 Nm-2 for the high adhesive material. Most other 
surfaces were of an intermediate adhesiveness, where a value 2 to 5 Nm-2 was required to 
detach cells. The strength of cell adhesion to high, intermediate and low materials remain 
fairly constant during batch cultivation of anchorage-dependent BHK21 cells. DLC is a 
coating of intermediate adhesiveness for BHK21 anchorage dependent cells. DLC coating 
reduced the high strength of cell adhesion to Primaria™ polystyrene (y-irradiated) and 
increased the strength of cell adhesion to Native polystyrene, (y-irradiated and ethanol 
sterilised) to values which were similar to materials which support an intermediate strength
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of cell adhesion. In addition, DLC reduced the degree of variability which was observed 
for many of the surfaces. The RLSM cell adhesion assay can also reliably be used to assess 
the degree of surface variability as well as the strength of cell adhesion. The 
standardisation of the RLSM is a significant step forward in the use of this technique. 
Previous studies (Crouch et al, 1985; Spier et al., 1987) have only measured the strength 
of cell adhesion on cell culture polystyrene and glass, they have not the measured or 
published data on the variability of the material studied. Without an accurate measure of 
the variability of a material, it is difficult to assess whether the results are reproducible.
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5.3 Cell detachment experiments on modified surfaces using RLSM
This set of experiments were performed in order to determine whether chemical or 
physical modifications of surfaces affected the strength of cell adhesion. The selected 
modifications were those that had commonly been used in the biomedical and 
biotechnology industries. Corona discharge treatment of polystyrene is the most common 
modification for increasing the adhesiveness of polystyrene. NaOH treatment of glass has 
been used as a cleaning procedure and a surface modification to improve cell growth on 
glass (Rappaport et al., 1960). Protein coating on the surfaces of materials used for blood 
circulatory prostheses has been used to prevent blood protein adsorption and platelet 
adhesion. Pluronic® F-68 is a common foam stabilising agent used in biotechnology 
however, little work has been carried out on the effect this polymer on the adhesiveness of 
materials. Few investigators have studied the effect of these modifications on the 
quantitative strength of cell adhesion. All the following experiments were carried out with 
BHK21 C13 anchorage dependent cells, cultivated in 50%RPMI/50%DMEM + 5% 
newborn calf serum.
5.3.1 Effect of Protein and Pluronic® F-68 treatment on the strength of 
cell adhesion to glass and native polystyrene, respectively
In this set of experiments native polystyrene and alum borosilicate petri dish glass 
were coated with denatured bovine serum albumin (BSA) or Pluronic® F-68, and the 
effects of these coatings on the strength of cell adhesion was investigated. Alum- 
borosilicate petri glass and native polystyrene (/-irradiated) were incubated with 1% 
Bovine Serum Albumin (BSA) or 10% Pluronic® F-68 solutions for 12 hours at room 
temperature, respectively. The strength of cell adhesion to Pluronic® F-68 or BSA coated 
glass and native polystyrene was determined by the RLSM after 24 hours cell cultivation. 
The results (table 5.3.1.) showed, that similar strength of cell adhesion (approx. 3.5 Nm*2) 
were obtained with petri dish glass, whether uncoated or coated with BSA or Pluronic® F- 
68. However, both BSA and Pluronic® F-68 coatings on native polystyrene inhibited cell 
adhesion completely (0.0 Nm*2). The strength of adhesion for other control materials 
included in the test (without BSA or Pluronic® F-68 treatment) were similar to those 
recorded previously in table 5.2.1.
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It was reported (Klebe et al. 1981) that a coating of denatured BSA on glass or 
polystyrene treated for cell culture inhibited cell attachment after 90 minutes cultivation. In 
the work carried out by Klebe it was proposed that the BSA is adsorbed to the surfaces 
under investigation. This adsorbed layer of BSA then prevented the cells from contacting 
with the material by a process of polymer (or steric) exclusion. The results presented in 
this study contradicted the work of Klebe et al., it was found that cell adhesion was 
unaffected when glass was coated with BSA. The differences may be because Klebe et al., 
only studied the early stages of cell adhesion (i.e. up to IV2 hours) whilst the work here 
was carried out at 24 hours. It is possible that the steric exclusion barrier may have been 
overcome after extended cultivation. It is also possible that the layer of BSA had desorbed 
when the culture medium and cells were poured over the test surface. The addition of the 
culture medium, which contains a variety of other proteins (eg. fibronectin) may then 
compete with the BSA for adsorption on to the surface (this is known as the Vroman 
effect). This desorption hypothesis may be possible because it has been reported 
previously that proteins are reversibly adsorbed to hydrophilic surfaces (Norde, 1980). It is 
likely that the amount of BSA adsorbed during the first few hours of the culture decreases 
significantly and therefore the cells are able to adhere to the glass. During later stages of 
cultivation, the cell adhesion and spreading processes may modify the adsorbed protein 
layer by actively laying down its own layer of specific cell adhesion proteins (Gaebel and 
Feuerstein, 1991), thus displacing the adsorbed layer of BSA.
Materials Strength of cell adhesion (Nm-2) 
± Standard deviation
Petri dish glass, 10% Pluronic® F-68 coated. 3.5 ±0.27
Petri dish glass, 1% BSA coated. 3.8 ±0.62
Petri dish glass. 3.6 ±0.56
Native polystyrene, 10% Pluronic® F-68 coated. 0.0 ± 0.00
Native polystyrene, 1% BSA coated. 0.0 ± 0.00
Native polystyrene, y-irradiated. 0.4 ±0.85
Table. 5.3.1 showing the effect of Albumin and Pluronic® F-68 treatment on the strength 
of cell adhesion to Petri dish glass and Native polystyrene,
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The lack of cell adhesion on the BSA or Pluronic® F-68 coated native polystyrene 
may be explained by the fact that these polymers are irreversibly adsorbed to this 
hydrophobic material. The phenomena of irreversible adsorption to hydrophobic surfaces 
has been reported previously (Grinnell and Feld 1981). The Pluronic® F-68 or BSA may 
be so strongly adsorbed, that their displacement by other specific cell adhesion proteins 
may not be possible. Dekker et al., 1991b, showed that cellular fibronectin was capable of 
displacing adsorbed Human Serum Albumin (HSA) from hydrophilic polystyrene treated 
for cell culture. However, fibronectin was not capable of displacing adsorbed HSA from 
native polystyrene, due to the irreversible binding of the HSA to this hydrophobic native 
polystyrene. An alternative hypothesis is that specific cell adhesion proteins that are 
adsorbed onto a surface which has a coating of BSA or Pluronic® may be in the wrong 
conformation for cell adhesion. The bonding between the hydrophobic groups on the 
surface of the material and hydrophobic residues on the protein maybe very strong, causing 
conformational changes. Therefore, the specific protein residues which are active in cell 
adhesion (eg, RGD) may not be in the correct conformation for cell adhesion to occur.
Another explanation for the poor cell adhesion on Pluronic® F-68 or BSA coated 
native polystyrene is that excess BSA or Pluronic® F-68 in solution may interact or coat 
the cells, prior to adhesion. If this were the case, then the same process would also be 
expected to take place for the hydrophilic glass surface, and cell adhesion would have been 
inhibited on both materials. However, this was shown not to be the case (Table. 5.3.1) and 
therefore this mechanism is unlikely. The results in this section also show that untreated 
native polystyrene, (which is supposed to be hydrophobic and non-adhesive to animal 
cells) does in fact support some cell growth with low cell adhesion. This may be due to 
impurities in the polystyrene surface which allow for some cell adhesion to occur. The use 
of BSA or Pluronic® F-68 as a means of preventing long-term adhesion to such surfaces is 
a good model for use in the biomedical area.
165
5.3.2 Effect of NaOH treatment on the strength of cell adhesion to glass
The strength of cell adhesion to untreated alum-borosilicate petri dish glass was 3.5 
Nm-2. A similar value was obtained for petri dish glass which was treated with 0.1M 
NaOH for 24 hours @ 37°C. The post-autoclaving (3.8 Nm*2) and pre-autoclaving (3.5 
Nm-2) values were similar, table 5.3.2. It has been previously reported (Rappaport et al., 
1960) that alkali treatment increased cell attachment to glass. This was shown to be due to 
the increase in negative charges caused by:
a) a breakdown in the silicon oxide backbone of the glass leaving a negatively charged 
surface. Si-O-Si Si-O'
b) The leaching out of metal anions i.e. aluminium, present in the glass structure also 
increased the net negative charge of the glass. The results in this study contradict those of 
Rappaport et al. 1960, the difference being that they measured cell attachment after 2 
hours, whereas in this study the strength of cell adhesion was measured after 24 hours. 
NaOH treatment is often also used for partial cleaning/sterilisation of materials. These 
results here show that the low concentration of NaOH did not affect the properties of the 
material with respect to cell adhesion, after 24 hours of cultivation.
Materials Strength of cell adhesion (Nm-2) 
± Standard deviation
Alum-borosilicate Petri dish glass NaOH treated
(Post-autoclaving). 3.8 ±0.12
Alum-borosilicate Petri dish glass NaOH treated
(Pre-autoclaving). 3.5 ±0.33
Petri dish glass autoclaved. 3.6 ±0.56
Polystyrene native, y-irradiated. 0.4 ±0.85
Table. 5.3.2 shows the effect of NaOH treatment on the strength of cell adhesion
5.3.3 Corona discharge treatment of plastics
Corona discharge treatments of native polystyrene and polymethylpentene 
increased the strength of cell adhesion to both materials (table. 5.3.3). Before corona 
discharge treatment of these materials, cells were shown to adhere to them with a strength 
of 0.4 and 1.4 Nm"2, respectively. The strength of adhesion was increased to 3.3 and 3.0 
Nm-2, respectively, after treatment. The corona discharge treatment is thought to oxidise
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the side chains of the surface molecules. It increases the wettability (surface energy) of the 
materials and oxygen molecules are thought to be incorporated into the surface in the form 
of hydroxyls, carboxyls and aldehydes to which the proteins adsorb and the cells 
subsequently adhere (Maroudas, 1977; Curtis et al., 1983; Chinn et a l 1989). None of the 
previous studies have measured changes in the strength of cell adhesion to surfaces after 
corona discharge treatment.
Materials Strength of cell 
adhesion (Nm-2)
± Standard deviation
Primaria™ polystyrene, DLC coated, Imin corona discharge, 3.6 ±0.25
ethanol sterilised.
Primaria™, Polystyrene DLC coated, ethanol sterilised. 2.9 ±0.25
Cell culture polystyrene, DLC coated , lmin corona discharge, 4.8 ±2.14
ethanol sterilised.
Cell culture Polystyrene, DLC coated, ethanol sterilised. 2.9 ±0.24
Native polystyrene, DLC coated lmin corona discharge, 3.4 ±0.38
ethanol sterilised.
Native polystyrene, DLC coated, ethanol sterilised. 2.9 ±0.25
Native polystyrene, y-irradiated. lmin corona discharge, 3.3 ±0.44
ethanol sterilised.
Native polystyrene, y-irradiated. 0.4 ±0.85
Polymethylpentene DLC coated, lmin corona discharge, 3.3 ±0.33
ethanol sterilised.
Polymethylpentene DLC coated autoclaved. 3.1 ±0.25
Polymethylpentene, lmin corona discharge, ethanol sterilised. 3.0 ±0.17
Polymethylpentene autoclaved. 1.4 ±1.34
Microscope slide glass, DLC coated lmin 3.4 ±0.36
corona discharge, ethanol sterilised.
Glass microscope slides DLC coated. 3.6 ±0.62
Table. 5.3.3 showing the effect of corona discharge treatment of materials coated with
D LC  on the strength of cell adhesion.
Corona discharge treatment of plastics (polystyrene’s and polymethylpentene)
which had been pre-coated with DLC resulted in a small increase in the strength of cell 
adhesion (3.3 to 4.8 Nm-2), table 5.3.3. The effect of increasing the corona discharge 
treatment time, from 60 to 120 seconds table 5.3.4. and changing the method of 
sterilisation from ethanol to hypochlorite had no significant effect on the strength of cell 
adhesion (table 5.3.5.), DLC can therefore be used effectively as an alternative method to
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corona discharge for treating plastics. The use of ethanol or hypochlorite does not alter the 
cell adhesion properties of DLC coated materials. The cell adhesion properties of DLC 
coated surfaces are more reproducible than on corona discharged polystyrenes.
Jansen et al., (1990) also showed that increasing the hydrophilicity of a surface 
which already supports good cell attachment and growth did not have any further effect on 
cell adhesion. Corona discharge treatment of the surface may saturate it with hydrophilic 
groups. These extra hydrophilic groups have no further effect on protein adsorption and the 
subsequent cell adhesion.
Materials Strength of cell 
adhesion (Nm-2)
±  Standard deviation
Native polystyrene ethanol sterilised. 0.8 ±  1.10
DLC coated cell culture polystyrene ethanol sterilised. 3.4 ±0.61
DLC coated cell culture polystyrene lmin corona discharge, 3.6 ±0 .34
ethanol sterilised.
DLC coated cell Primaria™ polystyrene 3.4 ±0 .29
lmin corona discharge ethanol sterilised.
DLC coated Primaria™ polystyrene 2min corona discharge, 3.7 ±0.41
ethanol sterilised.
T ab le  5 .3 .4  The effect of increasing the length of the time of the corona discharge 
treatment on DLC coated polystyrene and the strength of cell adhesion
5.3.4. Effect of sterilisation procedures on the strength of cell adhesion to 
materials
Heat sterilsation by autoclaving is the most widely used method of sterilisation. 
However, autoclaving is only appropriate for materials which can resist high temperature 
(121°C) and pressure (15psi.) for upto 30 minutes. Plastics eg. polystyrene melt upon 
autoclaving so they are sterilised by /-irradiation from a radioactive cobalt^0 source. The 
equipment required to carry out /-irradiation is highly specialised and expensive. 
Therefore, /-irradiation is rarely carried out in the laboratory. Plastics are usually supplied 
presterilised by /-irradiation. In order to cany out sterilisation of plastics in the laboratory, 
cold chemical sterilants are employed. The problem with using cold sterilants is the effects 
they have on the surface chemistry of the material, plastics are susceptible to oxidation and 
solubilisation. The effect of chemical sterilisation on the strength of cell adhesion is shown
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in tab le  5 .3 .5 . The strength of cell adhesion to Polystyrene Primaria™ y-irradiated was 
reduced from 5.5 Nm-2 to 3.6 Nm-2 when hypochlorite sterilised, and to 3.2 Nm-2 when 
ethanol sterilised. The ethanol sterilisation procedure may be solubilising the surface or 
altering the surface chemistry of the positively charged material. Alternatively, it has been 
shown that when corona discharged polystyrenes are subjected to aqueous solutions, the 
oxygen content of the surface is reduced (Onkiyura et al. 1991). This may then cause the 
reduction in the strength of cell adhesion. The mechanism which causes the reduction in 
oxygen content is not known. The ethanol and hypochlorite treatment of cell culture 
treated polystyrene did not alter the strength of cell adhesion significantly. Therefore, 
Primaria™ polystyrene was more susceptible to chemical modifications by cold sterilants 
than other cell culture polystyrenes. DLC coated cell culture polystyrene was also 
unaffected by hypochlorite or ethanol treatments. Therefore, DLC coating on plastics 
sterilised with ethanol or hypochlorite act as a good alternative surface for cell cultivation.
Materials Strength of cell adhesion (Nm-2)
±  Standard deviation
Primaria™ polystyrene, y-irradiated 5.5 ±2 .5 7
Primaria™ polystyrene, hypochlorite sterilised. 3.6 ±0 .68
Primaria™ polystyrene, DLC coated, ethanol sterilised. 2.9 ±0 .25
Primaria™ polystyrene, ethanol sterilised. 3.2 ±0 .25
Cell culture polystyrene, y-irradiated. 3.9 ±0 .73
Cell culture polystyrene, DLC coated, lmin corona discharge,
ethanol sterilised. 3.4 ±0 .57
Cell culture polystyrene, DLC coated, lmin corona discharge, 3.8 ±0 .8 4
hypochlorite sterilised.
Cell culture polystyrene, ethanol sterilised. 3.7 ±0 .3 7
T ab le . 5 .3 .5  The effect of hypochlorite and ethanol sterilisation of DLC coated polystyrene 
and its effects on the strength of cell adhesion
5.3.5 Cell growth on silicone rubber treated with Fast Atom 
Bombardment
Visual observation of cell growth on silicone rubber with and without the Fast 
Atom Bombardment (FAB) treatment was made. Cell growth on the treated silicone rubber 
was patchy when compared with cell growth on FAB treated silicone rubber. Therefore, it 
was found that FAB treatment of silicone rubber increased the homogeneity of the surface
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with respect to cell growth. However, due to the lack of FAB treated samples it was 
not possible to determine the strength of adhesion to the FAB treated silicone rubber. It is 
however, recommended that this technique is investigated further due to the improved cell 
growth which was observed.
Summary
The physical coatings of BSA and Pluronic® F-68, and alkali (NaOH) treatments 
of hydrophilic petri dish glass did not significantly change its cell adhesion properties. 
This is most likely due to the weak interactions between the adsorbing molecule (BSA or 
Pluronic®) and the hydrophilic surfaces. The adsorbing molecules may simply be desorbed 
by the addition of culture medium containing proteins which have a higher higher affinity 
for the surface than BSA or Pluronic®. This phenomena of competitive adsorption is 
known as the Vroman effect. When the BSA or Pluronic® F-68 treatments were carried 
out on native polystyrene, cell adhesion was inhibited completely. In this case the 
hydrophobic interaction between the surface and BSA or Pluronic® is very strong and 
makes desorption almost impossible. Therefore, the properties of the surface influences 
protein or surfactant adsorption and subsequent cell adhesion. Using this knowledge it is 
fairly easy to predict the effect of adding the BSA or Pluronic® to cells on 
biotechnological and biomedical materials.
Corona discharge treatments of native, hydrophobic polymers (polystyrene and 
polymethylpentene) significantly increased the strength of cell adhesion supported by 
these materials. The surface modifications produced surfaces which can be classified as 
being intermediate with respect to the strength of cell adhesion. Cell adhesion was not 
increased significantly after corona discharge treatment of plastics coated with DLC. This 
may be due to the composition of the DLC, which is composed simply of carbon and 
hydrogen and has been shown to inert (Newport et al., 1991). The corona discharge 
treatment was unable to introduce oxygen molecules into the DLC surface. DLC coating 
can be used as an alternative to corona discharge treatment. Further corona discharging of 
materials which had already, previously been discharged commercially, had no significant 
affect on the strength of cell adhesion to surfaces. In this case the surfaces were probably 
already saturated with hydrophilic groups responsible for cell adhesion. This finding was
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further reinforced when it was seen that doubling the length of time of corona discharge 
had little effect on the strength of cell adhesion.
The sterilisation of materials is of paramount importance in the biotechnology and 
biomedical industries. Heat sterilisation (autoclaving) is the most widely used technique 
for materials, which can withstand high temperatures eg. glasses and metals, /-irradiation 
is the most popular sterilisation technique for plastics, unfortunately this cannot be carried 
out easily on the laboratory scale. Therefore, when carrying out chemical sterilisation of 
materials it is important to monoitor the effects of the sterilsation procedure. The method 
of chemical sterilisation was shown to have a significant effect on the strength of cell 
adhesion to Primaria™ polystyrene. However, often cell culture polystyrenes were 
unaffected. It is recommended that when carrying out cold sterilisation procedures that the 
effect of the chemical be investigated so that the required property of the surface is 
maintained. For example, in the case of some materials which support a high strength of 
cell adhesion (eg. Primaria™ polystyrene), sterilisation with hypochlorite would be 
unsuitable because it significantly reduces the strength of cell adhesion to the material. In 
the case of other plastics, (such as corona discharge and DLC coated materials) chemical 
sterilisation is feasible and does not affect the adhesion properties of the cells.
The properties of the surface influence the nature of adsorption of specific and 
non-specific cell adhesion molecules to it. The adsorption of these molecules then has a 
profound effect on the adhesion of cells to the surface. This process has been shown by 
altering the surface properties by corona discharge. Surfaces that have low cell adhesion 
properties (eg. native polystyrene, polymethylpentene) show significantly increased cell 
adhesion after corona discharging. However, if this treatment is carried out on materials 
which already have strong cell adhesion properties (eg. Primaria™ polystyrene), then 
corona discharge does not seem to make any difference. The adsorption of non-specific 
cell adhesion molecules (eg. BSA or Pluronic® F-68) was shown to inhibit cell adhesion 
completely on surfaces which had previously exhibited low cell adhesion. On the other 
hand, the adsorption of these non-specific polymers to surfaces which support intermediate 
to high strength of cell adhesion had no effect.
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5.4 Cell growth and attachment on various surfaces
In this set of experiments the initial number of cells attached, and the growth and 
death rates of cells cultivated on unmodified materials were determined. This was carried 
out in order to determine whether the measurements of the strength of cell adhesion after 
24 hours could be related to the:
i) Number of cells attached after 2 or 24 hours. This was determined using the formula :
%Cells attached * Numb.enof viable cell$.atta.checi-after 2-Ox 24 hours 
after 2 or 24 hours Number of viable cells inoculated
ii) Exponential growth rate (p.), units (h*1). This was determined from plots of the Loge 
viable cell number adhering to the surface against time, over a period of 200 hours. The 
exponential growth rate (p,) was taken from the value for the slope of the linear phase of 
the graph. During this phase of cell growth, the linearity of the region was determined 
from the slope of the line of best fit (Griffiths, 1986).
iii) Doubling time was calculated by the equation :
Doubling time * Logc 
(hours) p
iv) Average growth rate over the first 120 hours of the culture.
A measurement of the growth rate during this period of time is indicative of any lag that 
cells may undergo due to surface or cultivation conditions. This was determined by 
plotting the Loge viable cell number adhering to the surface against time. The growth rate 
(p) was taken from the value of the slope of the graph, from 0 to 120 hours of cell growth. 
(The slope of this region was determined using the line of best fit).
v) Cell death rate from 120-308 hours. Again a measure of death rate is important in 
determining whether the the cultivation condition or the surface had any effect on cell 
growth profiles. This was determined by plotting the Loge viable cell number against 
linear time. The death rate or negative growth rate (dr) was taken from the value of the 
slope determined during the 120 to 308 hours phase of cell cultivation.
During this time the cells were dying (The slope of this region was determined using the 
line of best fit.
vi) highest density of cells adhered to the material. This was determined by determining
the maximum number of viable cells adhering to the material during the 308 hour
172
For all these cell cultivation experiments, inoculation densities, media and 
cultivation conditions were the same. The only variable was the surface on which the cells 
were cultivated. Figures 5.4.1 to 5.4.17 show growth curves of BHK21 cells on a range of 
surfaces.
The data shows that the following materials show good cell growth with respect to the 
maximum number of viable cells which were obtained. These materials had between 
4.2xl05 and 2.9xl05 maximum viable cell densities per cm2 of surface.
Petri dish glass. 4.2x105 cells cm*2
Stainless steel 316L Bright annealed. 4.1xl05 cells cm*2
Polystyrene cell culture, ethanol sterilised. 3.9xl05 cells cm*2
Petri dish glass DLC coated. 3.7xl05 cells cm*2
Polystyrene cell culture, DLC coated ethanol sterilised. 3.5x10s cells cm*2
Polystyrene Primaria, ethanol sterilised. 3.1x10s cells cm*2
Polystyrene Primaria, y-irradiated. 3.1x10s cells cm*2
Stainless steel 316L Bright annealed DLC coated. 2.9x10s cells cm*2
The following surfaces were intermediate with respect to the maximum number of viable 
cells which were obtained. These materials supported between 2.8xl05 and 1.6xl05 
maximum viable cell densities per cm2 of surface.
Polystyrene cell culture, y-irradiated. 2.8x 10s cells cm*2
Glass microscope slides DLC coated. 2.7x 10s cells cm*2
Glass microscope slides. 2.1x 10s cells cm*2
Polymethylpentene autoclaved. 2.1x 10s cells cm*2
Polymethylpentene DLC coated autoclaved. 2.0x 10s cells cm*2
Polystyrene native, ethanol sterilised. 1.6x 10s cells cm*2
The following surfaces were unacceptable as cell growth surfaces: These surfaces 
supported between 1.5xl05 and 7.4xl04 maximum viable cell densities per cm2 of surface.
Silicone mbber, autoclaved. 1.5x 10s cells cm*2
Polystyrene native, y-irradiated. 7.4x 104 cells cm*2
Silicone mbber DLC coated, autoclaved. 5.6x 104 cells cm*2
incubation times.
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The following materials show good cell growth with respect to the maximum
number of viable cells which were obtained.
F ig  5.4.1 Primariam y-irradiated. F ig  5 .4.2 Polystyrene treated for cell
culture, ethanol sterilised.
Time (h) Time(h)
4 jj 4 - 2
—> Inoculation density (7x10 cells cm ). —♦ Inoculation density (7x10 cells cm ).
F ig  5 .4.3 Petri dish glass autoclaved. F ig  5.4.4. Primariam  polystyrene,
ethanol sterilised.
C ontinued overleaf:
Note the change in  the scale along the y-axis o f each graph. 174
F ig  5 .4 .5  Petri dish glass DLC coated, F ig  5.4.6 Stainless steel 316L BA
autoclaved. autoclaved.
—► Inoculation density (TxlO^cells c m '±
F ig  5 .4 .7  Stainless steel DLC coated, 
autoclaved.
Note the change in the scale along the y-axis of each graph. 175
The following surfaces were intermediate with respect to the maximum number of
viable cells which were obtained;
. 4 -2Inoculation density (7x10 cells cm ).
Time (h)
• Inoculation density (7x10 cells c m ? .
F ig  5 .4.8 Cell culture, polystyrene, y- F ig  5.4.9 Glass microscope slides DLC 
irradiated. coated.
• Inoculation density (7x10 cells an Time (h)
Inoculation density (Txio'cells cm’2).
F ig  5.4.10
autoclaved.
Polymethylpentene F ig  5.4.11 Glass microscope slides.
C ontinued overleaf:
Note the change in the scale along the y-axis of each graph.
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F ig . 5 .4 .12 Polystyrene treated for cell F ig  5.4.13 Polymethylpentene DLC 
culture DLC coated, ethanol sterilised. coated, autoclaved.
4 -2—► Inoculation density (7x10 cells cm ).
F ig  5.4 .14 Native polystyrene, ethanol 
sterilised.
Note the change in the scale along the y-axis of each graph.
Ill
The fo llow ing surfaces w ere unacceptable as cell grow th surfaces:
4 .7
Inoculation density (7x10 cells era 1.
Time (h)
Inoculation density (7x10"cells cm"2).
F ig  5.4.15 Silicone rubber autoclaved. F ig  5.4.16 Polystyrene y-irradiated.
Time(h)
—► Inoculation density (7x10 "cells ctn"2).
F ig  5.4.17 Silicone rubber DLC coated, 
autoclaved.
Note the change in the scale along the y-axis of each graph. 171
T ab le  5 .4.1 below shows the various parameters which were calculated from the 
growth curves (fig . 5 .4 .1  - fig . 5 .4 .17 ). The data from this table was plotted against the 
strength of cell adhesion data from tab le . 5 .2 .1 , giving rise a the series of graphs (fig . 
5.4.18 - 5 .4 .24).
Materials
%Cell Attachment 
2 hours 24 hours
Exp.
growth
rate
Growth Death Doubling 
rate rate time 
2-120 exp. 
hour hours
Maximum Strength 
cell of cell 
density adhesion 
cells cm-2 (Nm-2)
1) Polystyrene Primaria, Y-irradiated. 81 117 0.019 0.016 '0.0090 36.4 3.1x10s 5.5
2) Glass (soda lime) microscope slides. 44 59 0.028 0.018 -0.0095 24.7 2. 1x 10s 4.4
3) Glass microscope slides DLC coated. 58 116 0.016 0.015 -0.0192 44.7 2.7x10s 3.6
4) Polystyrene cell culture, ethanol sterilised. 96 66 0.029 0.019 '0.0045 23.4 3.9x10s 3.7
5) Petri dish glass. 66 80 0.027 0.019 -0.0037 25.9 4.2x10s 3.6
6) Polystyrene Primaria, ethanol sterilised. 91 71 0.025 0.017 -0.0038 27.5 3.1x10s 3.2
7) Petri dish glass DLC coated. 80 131 0.020 0.016 -0.0320 35.2 3.7x10s 3.1
8) Stainless steel 316L Bright annealed.
9) Stainless steel 316L Bright annealed
35 57 0.022 0.023 -0.0091 32.1 4.1x10s 3.2
DLC coated. 30 90 0.021 0.020 -0.0068 33.0 2.9x10s 3.2
10) Polystyrene cell culture, y-irradiated.
11) Polymethylpentene
74 111 0.015 0.014 -0.0060 47.4 2.8x10s 3.9
DLC coated autoclaved.
12) Polystyrene cell culture,
52 56 0.022 0.016 -0.0075 30.0 2.0x10s 3.1
DLC coated ethanol sterilised. 95 86 0.022 0.016 -0.0523 31.3 3.5x10s 2.9
13) Silicone rubber DLC coated, autoclaved. 19 50 0.005 0.009 -0.0161 121.6 5.6x104 2.7
14) Silicone rubber, autoclaved. 18 9.7 0.045 0.023 -0.0170 15.6 1.5x10s 2.5
15) Polymethylpentene autoclaved. 39 49 0.026 0.018 -0.0080 26.6 2.1x10s 1.4
16) Polystyrene native, y-irradiated. 63 60 0.008 0.004 -0.0059 84.5 7.4X104 0.4
17) Polystyrene native, ethanol sterilised. 60 69 0.012 0.011 "0.0038 60.3 1.6x 10s 0.8
T ab le  5.4.1 The cell growth and attachment characteristics for BHK2J anchorage 
dependent serum supplemented cells.
Relationship between the strength of cell adhesion and cell attachment 
after 2 hours cultivation
F ig . 5 .4.18a shows a plot of strength of cell adhesion versus % cells attached after 
2hours incubation. The % cell attachment increases linearly on either side of 2.5 Nm-2 
strength of cell adhesion. The hydrophobic materials show a linear decrease in the % cell 
attachment as follows: native polystyrene, y-irradiated (16) > native polystyrene ethanol 
sterilised (17) > polymethylpentene autoclaved (15) > silicone rubber autoclaved (14). 
Therefore, silicone rubber gives the least cell attachment after 2hours of incubation, but 
supports the highest strength of cell adhesion in the above group of materials. For the 
hydrophilic materials, increased % cell attachment occurs in the following order: Stainless 
steel BA, (8) < microscope glass slides (2) < Petri dish glass (5) < Cell culture polystyrene
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y-irradiated (10) < Glass microscope slides (2) < Primaria™ polystyrene, y-irradiated (1).
Therefore, the highest cell attachment in the above group of materials occurs with:
i) native polystyrene which is hydrophobic, and has a low strength of adhesion.
and ii) Primaria™ polystyrene which is hydrophilic and has the highest strength of cell
adhesion. Good cell attachment at 2 hours can therefore occur on strongly hydrophobic and
hydrophilic materials.
Fig. 5.4.18b shows that there is a group of materials which do not behave as above. 
DLC coated glasses (3 and 7), polystyrene cell culture and Primaria™, ethanol sterilised (4 
and 6), polymethylpentene, stainless steel 316L BA DLC coated ethanol sterilised (9), 
(11), cell culture polystyrene, DLC coated, ethanol sterilised (12) and silicone rubber DLC 
coated autoclaved, (13), all supported strengths of adhesion in the region of 3-3.5 Nm-2, 
although cell attachment ranges of between 50 and 98%. ethanol sterilised, cell culture 
polystyrene (4), DLC coated cell culture polystyrene (12), and Primaria™ polystyrene (6), 
have between 91-96% attachment after 2 hours, and the strength of cell adhesion for these 
materials was in the range of 2.0-3.5 Nm-2. These results indicate that surface 
modifications such as ethanol sterilisation and DLC coatings give rise to surfaces where 
the % cell attachment after two hours is not dependent on the strength of cell adhesion.
Relationship between the strength of cell adhesion and cell attachment 
after 24 hours cultivation
Fig. 5.4.19a shows the relationship between strength of cell adhesion and the %
cells attached after 24 hours incubation. The trends at 24 hours were generally similar to 
the 2 hour attachment experiments described previously. One main difference was that the 
percentage of cells which were attached tended to be higher after 24 hours than after 2 
hours. In fact the percentage of cells attached exceeded 100% in many cases of the 
hydrophilic materials, suggesting that cell division had occurred faster on some materials 
(e.g. cell culture polystyrene, y-inradiated (10), and Primaria™ polystyrene, y-inradiated 
(1)), Silicone rubber (14) still showed the least % attached cells, with a cell adhesion value 
of 2.5Nnr2. As previously these results show that the strength of cell adhesion increases 
linearly with cell attachment for some hydrophilic materials (stainless steel 316L BA (8), 
petri dish glass (5), Polystyrene cell culture y-irradiated (10), glass microscope slides (2)
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and Primaria™ polystyrene (1). For the hydrophobic materials, silicone rubber (14), 
polymethylpentene (15), native polystyrene /-irradiated and ethanol sterilised (16 and 17), 
the % cell attachment decreases with the strength of cell adhesion.
F ig . 5.4.19b shows that again there is a group of materials which do not behave as 
above. These materials were Glass microscope slides DLC coated. (3), ethanol sterilised, 
cell culture polystyrene (4), Polystyrene Primaria, ethanol sterilised (6), Petri dish glass 
DLC coated (7), Stainless steel 316L Bright annealed, DLC coated. (9), 
Polymethylpentene, DLC coated, ethanol sterilised (11), Polystyrene cell culture, DLC 
coated ethanol sterilised (12) and Silicone rubber DLC coated, autoclaved (13), where the 
%cell attachment varies between 50 and 125%, whilst the strength of cell adhesion only 
varies between 2.5-4.0 Nm-2.
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Materials
1) Polystyrene Primaria, y-irradiated.
2) Glass (soda lime) microscope slides.
3) Glass microscope slides DLC coated.
4) Polystyrene cell culture, ethanol sterilised.
5) Petri dish glass.
6) Polystyrene Primaria, ethanol sterilised.
7) Petri dish glnss DLC coated.
8) Stainless steel 3I6L Bright annealed.
9) Stainless steel 316L Bright annealed 
DLC coated.
10) Polystyrene cell culture, y-irradiated.
11) Polymethylpentene 
DLC coated autoclaved.
12) Polystyrene cell culture,
DLC coated ethanol sterilised.
13) Silicone rubber DLC coaled, autoclaved.
14) Silicone rubber, autoclaved.
15) Polymethylpentene autoclaved.
16) Polystyrene native, y-irradiated.
17) Polystyrene native, ethanol sterilised.
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Relationship between the strength of cell adhesion to various cell growth 
parameters
Figures 5.4.20 - 5 .2,24 and shows the graphs of cell adhesion against the:
(i) Exponential growth rate, (p), fig . 5.4 .20a and 5.4.20b .
(ii) Growth rate between 2-120 hours, fig . 5 .4.21a and 5.4.21b .
(iii) Doubling time, fig . 5 .4 .22a and 5.4.22b.
(iv) Maximum viable cell density, fig . 5 .4.23a and 5.4.23b .
(v) Death rate,120-308 hours, fig . 5 .4.24a - 5.4.24b.
These graphs show that for some materials i.e. Polystyrene Primaria, y-irradiated. (1). 
Glass microscope slides (2), Petri dish glass (5), Stainless steel 316L Bright annealed (8), 
Polystyrene cell culture, y-irradiated (10), Silicone rubber, autoclaved (14), 
Polymethylpentene autoclaved (15), Polystyrene native, y-irradiated (16), and Polystyrene 
native, ethanol sterilised (17), there is a significant relationship between the strength of cell 
adhesion and the above parameters. For these materials, as the strength of cell adhesion 
increases, both the exponential growth rate and the growth rate between 2-120 hours 
increase to maximum values, and subsequently decrease again (F ig . 5 .4.20a and 5.4.21a). 
The maximum exponential growth rate and growth rate between 2-120 hours were 0.045 
(h_1) and 0.023 (h-1), at a strength of adhesion value 2.5 Nm-2. The highest growth rates 
were seen for silicone rubber, a hydrophobic material which had the least cell attachment 
after 2 and 24 hours cultivation time. As previously, the growth rates of cells on materials 
were seen not to follow any particular trend. Any changes in the growth rates of cells also 
directly affect the doubling times of cells since the latter parameter is calculated from the 
growth rate data. F ig ure  5.4.22a and 5.4.22b  shows that the doubling time of the cells 
rapidly decreases to an optimum value (i.e. 12.5 hours) and then start to increase again as 
the strength of cell adhesion increases. Materials such as Silicone rubber, petri dish glass 
and Primaria™ polystyrene have the shortest doubling times. The death rates for these 
materials (fig  5 .4.24a) increased to a maximum and then decreased as the strength of cell 
adhesion increased. The maximum death rate was seen for cell culture polystyrene, DLC 
coated, ethanol sterilised (12).
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Materials
1) Polystyrene Primaria, Y-irradiated.
2) Glass (soda lime) microscope slides.
3) Glass microscope slides DLC coaled.
4) Polystyrene cel! culture, ethanol sterilised
5) Petri dish glass.
6) Polystyrene Primaria, ethanol sterilised.
7) Petri dish glass DLC coated.
8) Stainless steel 316L Bright annealed.
9) Stainless steel 316L Bright annealed 
DLC coated.
10) Polystyrene cell culture, y-inndiated.
11) Polymethylpentene 
DLC coated autoclaved.
12) Polystyrene cell culture,
DLC coated ethanol sterilised.
13) Silicone rubber DLC coated, autoclaved.
14) Silicone robber, autoclaved.
15) Polymethylpentene autoclaved.
16) Polystyrene native, y-irradiated.
17) Polystyrene native, ethanol sterilised.
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F ig . 5.4.20a graph showing the 
relationship between the strength of cell 
adhesion and the exponential growth of 
cells on various materials.
F ig . 5.4.21a. graph showing the 
relationship between the strength of cell 
adhesion and the growth rate over the 
initial 2-120 hours of the culture.
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Materials
1) Polystyrene Primaria, y-irmdiatcd,
2) Glass (soda lime) microscope slides.
3) Glass microscope slides DLC coated.
4) Polystyrene cell culture, ethanol sterilised.
5) Petri dish glass.
6) Polystyrene Primaria, ethanol sterilised.
7) Petri dish glass DLC coated.
8) Stainless steel 316L Bright annealed.
9) Stainless steel 316L Bright annealed 
DLC coated.
10) Polystyrene cell culture, y-irradiated.
11) Polymethylpentene 
DLC coated autoclaved.
12) Polystyrene cell culture,
DLC coated ethanol sterilised.
13) Silicone rubber DLC coated, autoclaved.
14) Silicone rubber, autoclaved.
15) Polymethylpentene autoclaved.
16) Polystyrene native, y-irmdiated.
17) Polystyrene native, ethanol sterilised.
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F ig . 5.4.22a showing the relationship 
between the strength of cell adhesion and 
the doubling time.
F ig . 5 .4.23a. showing the relationship 
between the strength of cell adhesion and 
the maximum cell density of cells 
growing on various materials.
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the doubling time.
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185
Materials
1) Polystyrene Primaria, y-irradiated.
2) Glass (soda lime) microscope slides.
3) Glass microscope slides DLC coated.
4) Polystyrene cell culture, ethanol sterilised
5) Petri dish glass.
6) Polystyrene Primaria, ethanol sterilised.
7) Petri dish glass DLC coated.
8) Stainless steel 316L Bright annealed.
9) Stainless steel 316L Bright annealed 
DLC coated.
10) Polystyrene cell culture, y-irradiated.
11) Polymethylpentene 
DLC coated autoclaved.
12) Polystyrene cell culture,
DLC coated ethanol sterilised.
13) Silicone rubber DLC coated, autoclaved.
14) Silicone rubber, autoclaved.
15) Polymethylpentene autoclaved.
16) Polystyrene native, y-irradiated.
17) Polystyrene native, ethanol sterilised.
Strength o f cell adhesion (Nm"2) Strength o f cell adhesion (Nm*2)
Fig. 5.4.24a. showing the relationship Fig. 5.4.24b. showing the relationship
between the strength of cell adhesion between the strength of cell adhesion and
and the death rate of cells from 120-308 the death rate of cells from 120-308
hours on various materials. hours on various materials.
Relationship between the strength of cell adhesion and maximum viable 
cell density
Maximum viable cell number relationship to the strength of cell adhesion (fig. 
5.4.23a) does not correlate as well as the previous parameters. This is not unexpected 
because the precise value for the cell number may have been missed during the 24 hour 
sampling of the culture. In addition, as already discussed previously, two materials cell 
culture polystyrene (10) and soda lime microscope glass (2) are inherently variable due to 
surface contaminants see section 5.1. However, there is definitely a trend for these 
materials where the maximum cell density increases with the strength of cell adhesion and 
peaks at 3 Nm'2 and then decreases after this value.
Summary
In summary, of the seventeen materials tested, eight of them were shown to have 
cell growth properties which could be related to the strength of cell adhesion. For these 
eight materials (which included stainless steel, glass, polystyrenes and 
polymethylpentene), had an optimum cell adhesion value of 2.5Nm-2 which resulted in the
186
lowest %cell attachment, doubling time, and the highest growth rates and death rates. The 
maximum viable cell densities which could be obtained from the set of materials was 
optimum at a strength of cell adhesion of 3.7Nnr2. The materials which gave the best 
maximum viable cell densities were 8,5 and 4 (i.e. stainless steel BA, petri dish glass and 
cell culture polystyrene ethanol sterilised.
The hydrophobic materials (16 and 17) i.e. native polystyrene, y-irradiated and 
ethanol sterilised gave the lowest strength of cell, growth rates, death rates and maximum 
viable cell densities. Finally it can be seen from these graphs that materials with extremes 
of low and high strength of cell adhesion characteristics can have similar cell growth 
properties. A  similar relationship has been seen previously, the best in vivo material 
integration into rabbits was found for materials with extreme hydrophobicity or 
hydrophilicity (Nair et al., 1992). For biotechnological purposes where high cell densities 
may be required, materials with cell adhesion values of 2.5 to 4.0 Nm-2 are desirable. Cell 
growth rates and productivities may be altered by changing surface chemistry. For 
applications where minimum cell growth is required, the cell adhesion must be lower than 
1.0 Nm-2. However, in the range of materials tested, there was not a single material which 
completely prevented cell growth or adhesion. When carrying out biomaterial selection, it 
must be noted that not all materials behave in this way. As shown above for some 
materials there is no predictable relationship between the strength of cell adhesion and cell 
growth parameters. Such materials, are not recommended for use in biomaterial 
applications because cell growth characteristics are unpredictable.
The results in this section are novel in that for the first time, specific cell growth 
phenomena have been related to the strength of cell adhesion. It must be stressed however, 
that one group of materials did not show this behaviour. At present it is thought generally 
that materials with DLC coating or ethanol sterilisation do not have predictable cell 
adhesion and growth properties. Surfaces can be categorised into two types with respect to 
cell adhesion and growth: a) cell growth properties are affected by cell-surface adhesion. 
Examples of such materials are:
1) Polystyrene Primaria, y-irradiated. 2) Glass microscope slides. 5) Petri dish glass.
8) Stainless steel 316L Bright annealed. 14) Silicone nibber. autoclaved.
15) Polymethylpentene autoclaved. 16) Polystyrene native, y-iiradiated.
17) Polystyrene native, ethanol sterilised.
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b) Cell growth properties are unaffected by the strength of cell adhesion. Such surfaces 
include:
3) Glass microscope slides DLC coated. 4) Polystyrene cell culture, ethanol sterilised.
6) Polystyrene Primaria, ethanol sterilised. 7) Petri dish glass DLC coated.
9) Stainless steel 316L Bright annealed DLC coated. 10) Polystyrene cell culture, y-irradiated.
11) Polymethylpentene DLC coated autoclaved 12) Polystyrene cell culture, DLC coated ethanol sterilised.
13) Silicone rubber DLC coated, autoclaved.
The growth curves show that on all surfaces, the maximum cells density was 
always attained after =100 hours cultivation. This common peak in the maximum cell 
density was found on all surfaces regardless of the growth parameters. A  simple 
explanation for this common peak is that either a nutrient in the growth media runs out, or 
a toxic metabolic by-product builds up to a level which prevents further cell growth. This 
is unlikely because the cells which have poor cell growth will probably have not utilised 
all the nutrients or produced enough toxic by-products. Another explanation for the 
common peak is that cell growth is patchy on surfaces. The surfaces which are unsuitable 
for cell growth have only small patches suitable for cell growth, the rest of the surface 
being incapable of supporting cell growth. The intermediate surfaces have larger patches 
which support cell growth. Whilst, the surfaces which support good cell growth have only 
small areas that do not support cell growth. Although the cells attain different maximum 
densities on each surface, the cells reach confluency in the patches at the same time. If the 
cells on all the surfaces are contact inhibited when they reach confluency then the 
maximum cell density will be attained at a similar time, thus explaining the common peak 
at =100 hours.
Although it was shown that the strength of cell adhesion was constant between 24 
and 200 hours, the cell adhesion assay was carried out after 24 hours. This is because after 
24 hours the cells are in the optimal conditions for growth. As the cultivation time 
increases (ie. greater than =100 hours) the cells begin to die and detach from the surface. It 
is obvious that after this time period cells are no longer in the optimum condition. 
Therefore, it is recommended that the cell adhesion assay is not carried out during this 
period of the cultivation.
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5.5 Surface analysis
Surface analysis of the materials was used in this study in order to attempt to relate 
surface properties (topography and wettability) to the strength of cell adhesion after 24 
hours.
5.5.1 Contact angle measurements
Most of the previous studies which have related contact angle (wettability) to cell 
adhesion have measured the contact angles of unused, but cleaned materials. The results in 
tab le 5.5.1 show the contact angle measurements (sessile drop method) on various unused 
and cleaned materials, and measurements after defined cleaning stages. The results 
produced in this study compare well with some previously published data where the same 
contact angle measurement technique was used (tab le 5 .5 .2 ).
The results in tab le. 5 .5 .1 showed the contact angle changes significantly during 
the various stages of cleaning, for all the materials tested. This not unexpected since 
removal of cells dirt, grease and washing with detergents can change the surface chemistry 
or physical properties of the surface.
During the cleaning and sterilisation procedure (on stainless steels, plastics and 
silicone rubber) the contact angles were seen to increase up to a value which was similar 
to, or slightly lower than the value for the unused and cleaned materials. The increase in 
the contact angle which takes place during the cleaning procedure is probably due to the 
removal of hydrophilic cell and proteinaceous debris by the detergent rinse, tissue wipe 
and MQ water rinse. The exception to this was soda lime microscope glass which had a 
higher contact angle (more hydrophobic) than the unused, cleaned and sterilised materials. 
One of the most significant steps in the cleaning procedure was the tissue wipe of the 
surface. This was found to be the most effective way of removing the dead monolayer of 
cells from the surface of the materials. The contact angle increased significantly on most 
materials after carrying out the tissue wipe. However, ethanol sterilisation of the high 
adhesive material, Primaria™ polystyrene and intermediate adhesive polystyrene treated 
for cell culture and corona discharge treated cell culture and Primaria™ polystyrenes 
resulted in a reduction of the strength of cell adhesion of those materials. The ethanol
sterilisation procedure did not alter the contact angle significantly of Primaria™
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polystyrene treated for cell culture, therefore it is thought the reduction in the strength of 
cell adhesion to these materials is not due to changes in the wettability. Recently, 
published results (Onkiyura et al. 1991) of X-ray photoelectron spectroscopy surface 
analysis of polystyrene treated for cell culture has shown a reduction in the oxygen content 
of molecules on the surface when it is subjected to either neutral, acidic or basic aqueous 
solutions. These changes in the surface molecules may therefore be causing the changes in 
the strength of cell adhesion to these materials.
Material Advancing contact angle(°)
Used, Cleaning procedure 
uncleaned Detergent Tissue 
material rinse wipe
SQ water 
rinse
Sterilisation 
Autoclaving Ethanol
Unused and
cleaned
materials
Glass Microscope slides. 42.84 32.13 34.48 39.10 26.31 - 15.11
(17.95) (3.40) (6.83) (5.75) (5.72) (2.49)
Petri Dish Glass. 26.82 21.38 37.54 35.76 53.78 — 37.76
(1.02) (4.37) (2.49) (2.99) (4.17) (4.08)
Polystyrene Primaria™, - - - - - 47.74 45.97
Y-irradiated. (2.87) (2.14)
Polystyrene Cell Culture, „ - - - - 65.00 59.47
Y-irradiated. (3.21) (3.33)
Petri Dish Glass, 8.48 24.44 47.48 55.46 66.02 — 61.32
DLC coated. (2.63) (5.70) (3.74) (3.91) (3.23) (6.44)
Glass Microscope slides, 36.29 49.84 51.42 43.54 56.43 - 61.34
DLC coated. (3.59) (3.55) (4.00) (4.05) (4.17) (3.21)
Polystyrene Cell Culture, 9.42 16.84 48.17 49.84 - 57.02 71.80
DLC coated. (1.50) (9.55) (5.41) (2.69) (5.30) (0.48)
Polystyrene Primaria™, 15.35 28.63 54.10 55.10 - 51.20 72.83
DLC coated. (7.63) (1.66) (2.52) (3.96) (5.43) (1.52)
Polymethylpentene, 12.24 11.95 66.49 65.04 73.01 - 72.95
DLC coated. (11.69) (28.29) (3.35) (4.05) (2.55) (4.60)
Polystyrene Native, 13.78 25.04 44.80 46.28 „ 66.94 73.31
DLC coated. (11.78) (9.03) (5.12) (11.50) (4.69) (2.14)
Stainless Steel 316L 2B, 27.41 24.30 33.00 58.08 69.04 . . 76.69
DLC coated. (1.83) (5.51) (9.85) (2.25) (3.13) (1.70)
Stainless Steel 316L 2B. 22.51 28.13 26.97 46.29 68.91 — 77.25
(2.05) (6.62) (5.83) (3.65) (2.35) (1.70)
Stainless Steel 316L, BA. 15.63 12.65 31.96 39.84 60.93 77.68
(1.96) (4.13) (3.57) (2.89) (4.43) (3.65)
Stainless Steel 316L, BA 17.76 13.05 47.24 56.59 64.96 79.92
DLC coated. (2.13) (2.27) (4.32) (3.86) (3.86) (4.13)
Polystyrene Native, ~ . . - - 84.89 86.01
y-irradiated. (2.36) (1.65)
Silicone Rubber. 84.62 82.00 94.73 93.07 94.48 - 98.42
(13.08) (11.14) (8.50) (7.34) (3.45) (4.89)
Polymethylpentene 12.97 12.16 73.31 82.59 94.00 - 105.49
(6.59) (6.40) (14.91) (6.28) (6.20) (1.33)
Silicone Rubber 74.28 39.43 74.01 77.97 78.88 — 112.76
DLC coated. (4.08) (12.52) (2.58) (18.28) (1.12) (4.53)
Polystyrene Primaria™, - - - - - 11.99
DLC coated 0.5min corona discharge (1.68)
Polystyrene Primaria™, - - - - 5.60
DLC coated lmin corona discharge (2,37)
T ab le  5.5.1  Advancing contact angles of water on various materials. Each column shows 
the contact angle after the cleaning or sterilisation procedure had been carried out. The 
value in brackets represents the standard deviation.
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Material Advancing contact angle (°)
Native polystyrene 80° 86°
(y-irradiated) (van der Valk
etal., 1983) (Biydges 1993)
Polystyrene cell 56° 59°
culture (y-irrad) (Rosdy etal., 1991) (Brydges 1993)
Silicone Rubber 101° 98°
(Rosdy etal., 1991) (Biydges 1993)
Table 5.5.2 Comparison of contact angle results of unused and cleaned materials, as 
measured by R. Brydges and other published data.
Relationship between the strength of cell adhesion and the contact angle 
of unused and cleaned materials
Figure 5.5.3 shows the contact angles on unused and cleaned materials and their 
relationship with the strength of cell adhesion. The results show that surfaces can be 
classified in to one of three groups:
i) Surfaces which support a low strength of cell adhesion of 0-2 Nm-2, (e.g. Native 
polystyrene, Native polymethylpentene) which have high contact angles i.e. they are 
hydrophobic. There were, however, two exceptions to this rule silicone rubber and DLC 
coated silicone rubber, both of which had high contact angles but support an intermediate 
strength of cell adhesion. For both of these materials, cells did not form confluent cell 
sheets.
ii) Surfaces which support an intermediate strength of cell adhesion of 2-5 Nm-2 (e.g. 
stainless steel 316L, polystyrene treated for cell culture, silicone rubber and DLC coated 
materials). The results showed that there may be a linear relationship between contact 
angles and the surfaces which support an intermediate strength of cell adhesion. As the 
contact angle decreased the strength of cell adhesion increased. Corona discharge 
treatment of DLC coated polystyrenes decreased contact angle and increased the strength 
of cell adhesion.
iii) Surfaces which support an intermediate strength of cell adhesion of >5 Nm-2 (e.g.
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Polystyrene Primaria™ y-irradiated). This polystyrene is a specially modified by the 
introduction of positively charged nitrogen groups into the surface to increase its 
adhesiveness.
Corona discharge treatment of DLC coated polystyrenes resulted in veiy low 
contact angles (highly wettable). However, this increased wettability only resulted in a 
small increase in the strength of cell adhesion. The surfaces which support a high strength 
of cell adhesion (Primaria™ polystyrene) had a contact angle of 45°, however, soda lime 
microscope glass had a lower contact angle 26°, but is not as adhesive as Primaria™ 
polystyrene. This may be because the Primaria™ polystyrene is a positively charged 
surface with a properties which are supposed to mimic the in vivo extracellular matrix. The 
contact angle of unused and cleaned materials have been related to the cellular 
adhesiveness (cell spreading) of a material (van der Valk et al. 1983). In general it has 
been found that as a material becomes more hydrophilic as the adhesiveness of the material 
increases.
Fig. 5.5.4 shows the relationship between contact angle and the strength of cell 
adhesion on materials that have been used, cleaned and sterilised. Here it is seen that there 
is a linear relationship between the strength of cell adhesion and the degree of wettability 
(or contact angles), i.e. the higher the strength of cell adhesion. When comparing the 
relationship obtained in Fig 5.5.3 and Fig 5.5.4 it is veiy apparent that a linear relationship 
between strength of cell adhesion and contact angles can only be achieved when (a) the 
underlying surfaces have been thoroughly cleaned and sterilised and (b) when the cell 
adhesion and contact angle tests are carried out on surfaces which have all been cleaned/ 
sterilised in exactly the same way.
In the previous section (section 5.2) it was noted that cell adhesion values were 
significantly affected by material variability. Therefore, Primaria™ polystyrene was 
shown to be highly variable with respect to cell adhesion. However, the contact angle 
values for the materials such as Primaria™ polystyrene did not show this variability. It is 
proposed that the sessile drop will not be significantly affected by very small surface 
chemistry variations. The adhesion of cells, and the RLSM test will on the other hand be 
significantly affected by minor surface modifications or variations. It is expected that cells
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will respond to nanometer scale of variations on a surface (Maroudas, personal 
coomunication 1991). Therefore, the RLSM is more sensitive than the contact angle 
method, and can be developed further to measure both the strength of cell adhesion and 
variability of a surface.
Material variability
Table 5.5.3 shows the the RLSM was used to measure the variability of different
batches of native polystyrene y-irradiated. It found that the strength of cell adhesion 
supported by the samples tested had unacceptable batch to batch variation. All further 
experiments were carried out on native polystyrene y-irradiated Sterilin batch # 5424648.
Material Strength of cell adhesion (Nm'2)
SD MEAN SEM
Native polystyrene, y-irradiated 
(Becton Dickinson, Batch # unknown)
2.0 2.0 2.2 1.9 1.9 0.12 2.00 0.05
Native polystyrene, y-irradiated 
(Becton Dickinson 1028,12950203) 
Native polystyrene, y-irradiated 
(Becton Dickinson 1058,92970110)
2.7 2.3 3.1 
2.3 
2.0
3.1 2.7 0.33
N/A
N/A
2.78 0.15
Native polystyrene, y-irradiated 
(Sterilin #5424648).
0.0 0.0 0.0 0.0 0.0 0.00 0.00 0.00
Table 5.5.3 The variability of batches of native polystyrene, y-irradiated, (BHK21 
anchorage dependent cells cultivated inRPMI1640 supplemented with 5% NBCS).
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Strength of cell adhesion (Nm“2)
Material Strength of 
cell adhesion 
(Nm*2)
± standard 
deviation.
Contact 
angle (°)
± standard 
deviation.
1) Native polystyrene y-irradiated 0.4 ±0.85 86.01 ± 1.65
2) Polymethylpentene 1.4 ±1.34 105.62 ± 6.20
3) DLC coated silicone rubber 2.7 ±0.08 112.76 ±4.53
4) Silicone rubber 2.5 ± 0.12 98.42 ±4.89
5) DLC coated native polystyrene 2.9 ± 0,25 73.31 ±2.14
6) DLC coated Primaria™ polystyrene 2.9 ±0.25 72.83 ± 1.52
7) DLC coated cell culture polystyrene 2.9 ± 0.24 71.30 ±0.48
8) Stainless steel 316L 2B 3.1 ± 0.25 77.25 ± 1.70
9) DLC coated stainless steel 316L 2B 3.0 ±0.09 76.69 ± 1.70
10) Stainless steel 316L BA 3.2 ±0.10 77.68 ± 3.65
11) DLC coated stainless steel 316L BA 3.2 ±0.13 79.92 ±4.13
12) DLC coated polymethylpentene 3.1 ± 0.25 72.95 ± 1.33
13) DLC coated soda lime glass 3.6 ±0.62 61.34 ±3.21
14) DLC coated cell culture polystyrene corona discharge 3.4 ± 0.90 12.05 ± 6.29
15) DLC coated alum-borosilicate glass 3.1 ± 0.40 61.32 ±6.44
16) Alum-borosilicate glass 3.6 ±0.56 37.76 ±4.08
17) DLC coated Primaria™ polystyrene corona discharge 3.6 ±0.12 5.6 ± 1.52
18) Cell culture polystyrene y-irradiated 3.9 ± 0.73 59.47 ± 3.33
19) Soda lime glass 4.4 ±1.01 15.11 ±2.49
20) Primaria™ polystyrene y-irradiated 5.5 ±2.57 45.97 ±2.14
Fig, 5.5.3 showing the relationship between strength of adhesion and contact angle on 
unused and cleaned materials.
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Material Strength of Contact
cell adhesion angle (°)
(Nm-2) ± standard
± standard deviation.
deviation.
1) Polymethylpentene autoclaved. 1.4 ±1.34 94.00 ± 6.20
2) Silicone rubber autoclaved. 2.5 ± 0.12 94.48 ± 3.45
3) Silicone rubber DLC coated autoclaved. 2.7 ± 0.08 78.88 ± 1.12
4) DLC coated native polystyrene ethanol sterilised. 2.9 ± 0.25 66.94 ±4.69
5) DLC coated cell culture polystyrene ethanol sterilised. 2.9 ± 0.24 57.02 ±5.30
6) DLC coated Primaria™ polystyrene ethanol sterilised. 2.9 ± 0.25 51.20 ±5.43
7) Stainless steel 316L 2B autoclaved. 3.1 ±0.25 68.91 ± 2.35
8) DLC coated stainless steel 316L 2B autoclaved. 3.0 ± 0.09 69.04 ±3.13
9) DLC coated polymethylpentene autoclaved. 3.1 ± 0.25 73.01 ± 2.55
10) DLC coated Stainless steel 316L Bright annealed. 3.2 ±0.13 64.96 ± 3.86
11) Stainless steel 316L Bright annealed. 3.2 ±0.10 60.93 ±4.43
12) DLC coated Alum-borosilicate petri dish glass autoclaved. 3.6 ± 0.40 66.02 ± 3.23
13) DLC coated soda lime microscope slide glass autoclaved. 3.6 ± 0.62 56.43 ± 4.17
14) Alum-borosilicate petri dish glass autoclaved. 3.6 ± 0.56 53.78 ±4.17
15) DLC coated Primaria™ polystyrene 3.6 ±0.12 41.26 ±4.38
lmin corona discharge ethanol sterilised.
16) Soda lime microscope glass autoclaved. 4.4 ±1.01 26.31 ± 5.72
Fig 5.5.4 showing the relationship between strength of adhesion and contact angle on 
used, cleaned and sterilised materials.
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5.5.2 Scanning electron microscopy of DLC coated and uncoated 
materials
The surface topography may influence the cell adhesion and growth on surfaces. 
The materials shown here were examined by scanning electron microscopy in order to 
determine the surface topography of materials and attempt to relate it the cell growth and 
adhesion data presented previously.
Surface topography and and its relationship to the strength of cell 
adhesion
Scanning electron micrographs (plates 5.5.1 to 5.5.12) of new materials showed 
that the polystyrene plastics, silicone rubber and glasses had relatively flat surfaces, 
however, the cell culture treated polystyrene and soda lime glass had particulate 
contaminants on the surfaces. All the polystyrene plastics had numerous scratches on the 
surfaces. These are probably impressions which have been transferred from the surface 
from scratches which were present in the dies used during the moulding procedure. DLC 
coating of the plastics resulted in a "rippled" surfaces. A  similar rippled morphology has 
also been found previously on glass slides coated with DLC (Dowling et al., 1992), this 
effect was thought to be caused by compressive strains within the DLC film. The "ripple" 
structure on the polystyrenes may be due to the deposition of DLC in the scratches, such 
that as the thickness of the DLC layer increases, the scratches become more accentuated. 
Another reason for these ripples maybe due to a heating effect of the ion beam on the 
plastic surfaces. This heating of the surface would cause it to expand unevenly producing 
the ripples on the surface. The surface contamination which was previously noted in 
section 5.1 is not prevalent on the DLC coated polystyrene and soda lime microscope 
glass. The reason for this is that these samples were cleaned with FAB prior to DLC 
coating.
DLC coating of silicone rubber (Plate 5.5.2) resulted in gross surface alteration. A  
structure of "vermiform" pattern was produced after DLC treatment. The effect of this 
unusual morphology is to slightly increase the strength of cell adhesion and contact angle 
values compared to uncoated silicone rubber. DLC coating of glass and stainless steel did 
not create a rippled structure. However, the DLC did show any surface marking on these
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materials. Tabone et al., (1991) showed that antineoplastic drugs altered the inner surface 
of silicone and polyurethane catheters. The structure of the surface produced inside the 
polyurethane catheters resemble the structure on the DLC coated silicone rubber. The 
above results show that DLC coating of the "softer" materials such as the polystyrenes and 
silicone rubber cause alteration of the surface. The hard materials are not structurally 
altered by DLC treatment. The effects on the soft materials may be heat related.
The materials used in this study vary significantly in their surface roughness. 
Roughness of greater than 0.5pm has been shown to affect contact angle hysteresis 
(Johnson and Dettre, 1969), measurements of the surface roughness of these materials may 
then be related to the contact angle and the true value of the contact angle. The effects of 
surface roughness on protein adsorption and cell growth have been studied. Clarotti et al., 
1992 found that rough hydrophobic perfluorocarbon coated materials adsorbed more 
protein and had decreased blood clotting times compared to smooth hydrophobic 
perfluorocarbon coated surfaces. Schmidt and von Recum, 1991, produced microtextured 
of silicone, it was found to affect cell adhesion and growth (Schmidt and von Recum, 
1992). Cells growing on the smooth surface spread better than those on the rough. The 
electron micrographs of the materials have shown that it is important for further studies to 
elucidate whether:
a) Cell growth is affected by topography.
b) Cell adhesion, growth and spreading is affected by topography.
c) Relationship between quantitative measurements of surface roughness cell adhesion 
may be developed.
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Plate 5.5.1 Electron micrograph of Silicone rubber.
Plate 5.5.2 Electron micrograph of Silicone rubber DLC coated.
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Plate 5.53 Electron micrograph o f Stainless steel 316L BA.
Plate 5.5.4 Electron micrograph of Stainless steel 316L BA DLC coated.
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Plate 5.5.5 Electron micrograph of Microscope slide glass.
Plate 5.5.6 Electron micrograph of Microscope slide glass DLC coated.
20KV
Plate 5.5.7 Electron micrograph of Primaria™ polystyrene
Plate 5.5.8 Electron micrograph of Primaria™ polystyrene DLC coated.
2 0 1
Plate 5.5.9 Electron micrograph of Cell Culture Polystyrene.
Plate 5.5.10 Electron micrograph of Cell Culture Polystyrene DLC coated.
2 0 2
4HM 20KV 01 008 S
Plate 5.5.11 Electron micrograph of Native polystyrene y-irradiated.
Plate 5.5.12 Electron micrograph of Native polystyrene DLC coated.
203
5.6 Protein/surfactant effects on cell adhesion in serum supplemented 
conditions
There is an increasing use of polymeric surfactants and proteins in the biomedical 
and biotechnological areas. These uses have been reviewed in the introduction. Simple 
models systems have been developed using films or media supplementation to understand 
the effect of proteins and surfactants on cell growth and adhesion. Very few quantitative 
studies have been carried out which measure the strength of cell adhesion to surfaces with 
adsorbed proteins. The experiments carried out in this chapter were designed to measure 
the strength of cell adhesion to surfaces, either with proteins or surfactants, coated on the 
surface or in solution, respectively. All experiments were carried out with BHK21 C13 
anchorage dependent cells cultivated in RPMI 1640 + 5% newborn calf serum. The 
concentrations of proteins/surfactants used and the methods of coating and 
supplementation are similar to those routinely used in biotechnology and biomedical 
areas, and are described in the materials and methods section.
5.6.1 Effect of surfactant supplementation to cell culture media on the 
strength of BHK21 cell adhesion
Fig. 5.6.1 shows the effect of surfactant supplementation on the strength of cell
adhesion to various materials. It is important to note here that the batch of native 
polystyrene, /-irradiated (Sterilin #5424648) which was used in this set of experiments did 
not support any cell adhesion, i.e. O.ONrir2. This compares with 0.4Nnr2 for the batches of 
native polystyrene (Falcon) used previously in section 5.3.1. The results in fig. 5.6.1. show 
that the addition of surfactants to serum supplemented medium had no effect on the 
strength of cell adhesion on any of the materials tested. However, previous results in 
section 5.3.1. showed that Pluronic® F-68 supplementation reduced the strength of cell 
adhesion from 0.4Nmr2 to O.ONnr2. Therefore, the results obtained when using materials 
with variable characteristics need to be interpreted with great care. It is of utmost 
importance to determine the strength of adhesion of a number of batches of a particular 
material before the properties of the surface modifications can be understood.
It was found the supplementation of serum containing medium with 0.2% (v/v) of
surfactants (Pluronic® F-68, PVP C30 and PVP VA-S 630) did not significantly affect on
the strength of cell adhesion to materials. The surfactant immersed stainless steel 316L
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BA, native polystyrene y-irradiated and Primaria™ polystyrene y-irradiated had similar 
values for the strength of cell adhesion as the control materials in serum supplemented 
media. The surfactant may not be having an effect on the strength of cell adhesion due to 
one of three reasons; i) The surfactants do not interact or are at too low a concentration to 
have had any effect on the protein film adsorbed on the surface, ii) The surfactants do not 
bind to the surface because the serum proteins are more surface active and have a higher 
affinity to the surface. In this case the surfactants would not be capable of displacing the 
proteins from the surface, iii) The serum proteins have a similar affinity for the surface as 
the surfactants. In this case there would be a mixed film of proteins and surfactants bound 
to the surface. In this configuration the proteins in the film would retain their ability to 
bind to cells and the cells would undergo normal adhesion and spreading. It can be 
concluded that the strength of cell adhesion to materials is not affected by the addition of 
surfactants in serum supplemented growth media.
Primaria ™  polystyrene 7-inadiated 
Primaria ™  polystyrene 0.2%  PVP V A -S 630 supplemented media
Primaria ™  polystyrene 0.2%  PVPC30 supplemented media 
Primaria ™  polystyrene 0.2%  Pluronic® F-68 supplemented media
Stainless steel 316L BA  
Stainless steel 316L BA 0.2%  PVPC30 supplemented media 
Stainless steel 3 16L BA 0.2%  PVP V A -S  630 supplemented media 
Stainless steel 3 16L B A 0.2%  Pluronic® F-68 supplemented media
Native polystyrene 7-irradiated < I 
Native polystyrene 0.2%  Pluronic® F-68 supplemented media < ►
Native polystyrene 0.2%  PVP V A -S  630 supplemented media < |
Native polystyrene 0.2%  PVPC30 supplemented media 11
-  i---------- 1--------------1------------ 1------------ 1--------------1--------------1--------------- 1
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
Strength of oell adhesion (Nm-2)
Fig. 5.6.1. Effect of surfactant supplementation of growth media on the strength of 
adhesion of serum supplemented BHK21 cells.
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5.6.2. Effect of surfactant supplementation to cell culture medium on 
contact angle (surface wettability) measurements
Table. 5.6.2. shows the contact angle values of materials in contact with water, and
various cell culture media with serum and surfactant supplementation. In order to 
realistically evaluate the effect of the surfactant in serum supplemented media, the only 
results that need to be compared here are those contact angle values for RPMI1640 + 5% 
newborn calf serum, with and without surfactant. These comparative values show that the 
addition of PVPC30 does not have any significant effect on Primaria™ polystyrene, 
however, it increases the contact angles, very slightly on stainless steel 316L BA and 
native polystyrene. This suggests that ie. PVPC30 molecules either remove proteins from 
some surfaces or that it causes the surface to be slightly more hydrophobic. The addition of 
PVP VA-S 630 and Pluronic® F-68 surfactants to serum supplemented media resulted in 
small decreases in contact angles, this suggested that the surfactants were adsorbed onto 
the surfaces.
In the presence of serum proteins, the surfactants will be expected to compete for 
adsorption onto the surface. This effect is concentration dependent and it may be that the 
concentration of surfactant used for cell adhesion studies was not sufficient to affect the 
cell adhesion properties. Since surfactant molecules are at a lower concentration than the 
serum molecules, they will not significantly alter the properties of the surface. This 
explanation is consistent with the cell adhesion data.
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Primaria™ polystyrene y-irradiated
Mean SD SEM
MQ water 46.61° 1.77° 0.39°
RPMI1640 44.28° 2.57° 0.57°
RPM1 1640 + 5% NBCS 43.80° 1.92° 0.43°
RPMI 1640 + 5% NBCS + 0.2% PVPC30 solution 43.37° 1.87° 0.42°
RPMI 1640 + 5% NBCS + 0.2% PVPVA-S 630 solution 37.54° 2.15° 0.49°
RPMI 1640 + 5% NBCS + 0.2% Pluronic® F-68 solution 38.06° 2.01° 0.45°
Stainless steel 316L bright annealed
Mean SD SEM
MQ water 67.52° 3.63° 0.81°
RPMI 1640 66.95° 5.24° 1.17°
RPMI 1640+ 5% NBCS 61.45° 4.06° 0.91°
RPMI 1640 + 5% NBCS + 0.2% PVPC30 solution 67.94° 2.66° 0.60°
RPMI 1640 + 5% NBCS + 0.2% PVPVA-S 630 solution 54.93° 3.02° 0.68°
RPMI 1640 + 5% NBCS + 0.2% Pluronic® F-68 solution 52.40° 3.83° 0.86°
Native polystyrene y-irradiated
Mean SD SEM
MQ water 90.65° 1.77° 0.40°
RPMI 1640 90.59° 1.61° 0.36°
RPMI 1640 + 5% NBCS 74.57° 1.83° 0.42°
RPMI 1640 + 5% NBCS + 0.2% PVPC30 solution 75.00° 2.58° 0.58°
RPMI 1640 + 5% NBCS + 0.2% PVPVA-S 630 solution 68.04° 2.23° 0.50°
RPMI 1640 + 5% NBCS + 0.2% Pluronic® F-68 solution 66.43° 2.00° 0.45°
Table. 5.6.2. Advancing contact angle measurements o f surfactant supplemented cell 
culture media on various materials.
5.6.3. Relationship between the strength of cell adhesion and the contact 
angle for surfactant solutions
Figure 5.6.3 shows the relationship between contact angle and the strength of
adhesion. The contact angle and strength of adhesion data were taken from sections 5.61 
and 5.6.2. Previously, it was shown that there was a linear relationship between contact 
angle and the strength of cell adhesion (Figure 5.5.3.) on used cleaned and sterilised 
materials. In this case ie. while surfactants were supplemented in the medium, there was no 
linear relationship, However, material groupings were obvious: native polystyrene (9,10, 
11 and 12); stainless steel 316L BA (5,6,7 and 8); and Primaria™ (1,2,3 and 4) were seen 
to group into three distinct areas. It can be concluded from fig. 5.6.3, that surfactants have 
little influence on the strength of cell adhesion in serum-supplemented media. The contact
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angle values can however, vary depending on the type of surfactant used. It is proposed 
that the strength of cell adhesion in surfactant and. serum supplemented media may only be 
significantly affected if the surfactant concentration exceeds the concentration of other 
surface-active molecules in the culture. This requires further investigation.
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Figure 5.6.3. Strength of cell adhesion versus advancing contact angle measured by the 
sessile drop method for surfactants in solution.
Primaria™ polystyrene y-irradiated
1) RPMI 1640 + 5% NBCS
2) RPMI 1640 + 5% NBCS + 0.2% PVPC30
3) RPMI 1640 + 5% NBCS + 0.2% PVPVA-S 630
4) RPMI 1640 + 0.2% Pluronic® F-68 
Stainless steel 316L bright annealed
5) RPMI 1640 + 5% NBCS
6) RPMI 1640 + 5% NBCS + 0.2% PVPC30
7) RPMI 1640 + 5% NBCS + 0.2% PVPVA-S 630
8) RPMI 1640 + 5% NBCS + 0.2% Pluronic® F-68 
Native polystyrene y-irradiated
9) RPMI 1640 + 5% NBCS
10) RPMI 1640 + 5% NBCS + 0.2% PVPC30
11) RPMI 1640 + 5% NBCS + 0.2% PVPVA-S 630
12) RPMI 1640 + 5% NBCS + 0.2% Pluronic® F-68
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5.6.4 Effect of surfactant coating on the strength of BHK21 cell adhesion
Fig 5.6.4 shows the effect of pre-coating the surfaces with surfactants on the
strength of cell adhesion in serum-supplemented media. The strength of cell adhesion 
supported by surfactant coated native polystyrene, y-irradiated and Primaria™ polystyrene, 
y-irradiated were similar to the control uncoated values. However, the strength of cell 
adhesion to stainless steel 316L BA was slightly reduced by pre-coating it with PVPVA- 
S630. The pre-coating of this particular surfactant on stainless steel may have slightly 
reduced the amount of serum proteins which eventually adsorbed onto the surface, and 
thus affected the strength of cell adhesion. Generally, however, surfactant coating had no 
significant effect on the strength of cell adhesion to materials, compared with the uncoated 
forms of the materials. These results show that in the presence of serum proteins, the 
surfactants are either desorbed or are coated with serum proteins in order to affect cell 
adhesion.
Primaria ™  polystyrene Y-irradiated 
Primaria ™  polystyrene 1.0% PVP VA-S 630 coated 
Primaria ™  polystyrene 1.0% PVPC30 coated 
Primaria ™  polystyrene 1.0% Pluronic® F-68 coated 
Stainless steel 316L BA
Stainless steel 3161- BA 1.0% Pluronic® F-68 coated 
Stainless steel 316L BA 1.0% PVPC30 coated
Stainless steel 316L BA 1.0% PVP VA-S 630 coated
Native polystyrene Y-irradiated < I 
Native polystyrene 1.0% Pluronic® F-68 coated < >
Native polystyrene 1.0% PVT VA-S 630 coated < ►
Native polystyrene 1.0% PVPC30 coated < >
--1" i--------------- , -p -------------------- , ......— ----------,
0 .0  0.5 1.0 1.5 2 .0  2.5 3 .0  3.5 4 .0
-2
Strength of cell adhesion (Nm )
Fig. 5.6.4. Effect of suifactant coating on the strength of adhesion of serum supplemented 
BHK21 cells. in serum-supplemented media
5.6.5 Effect of protein supplementation in cell culture media on the 
strength of BHK21 cell adhesion
Fig 5.6.5. shows the effect on cell adhesion when supplementing the growth
medium with albumin or fibronectin. The strength of cell adhesion on native polystyrene.
209
Y-irradiated, was significantly increased from O.ONnr2 to 3.2Nnr2, after adding 4pg ml-1 
fibronectin to the cell culture media. The fibronectin solution also increased the strength of 
cell adhesion supported by Primaria™ polystyrene and stainless steel 316L BA (4.4Nnr2 
and 4.3Nnr2), respectively. The greatest increase in the strength of cell adhesion on the 
addition of 4pgmH fibronectin to culture media was for native polystyrene. Therefore, 
fibronectin adsorption increased the strength of cell adhesion to hydrophobic polystyrene 
more than the other hydrophilic surfaces. The reason for the difference in the effect of 
fibronectin supplementation on hydrophobic and hydrophilic surfaces is probably due to 
the conformation of the molecule on adsorption to hydrophobic polystyrene. Fibronectin 
adsorption to hydrophobic surfaces has been shown to result in either the denaturation of 
the molecule, or its adsorption in the wrong conformation so that cell adhesion does not 
occur (Grinnell and Feld, 1981). This is contradictory to the findings in this study. It is 
proposed that the high concentration of fibronectin in solution in this study may have 
resulted in multilayering of fibronectin molecules on the native polystyrene. The cells then 
adhere to the outer most layer of fibronectin because it is likely to be in the correct 
configuration. The supplementation of fibronectin molecules to serum-supplemented 
media only had a small effect on the strength of cell adhesion to stainless steel and 
Primaria™ polystyrene, because the fibronectin molecules were in the correct 
conformation for cell adsorption to occur. When the fibronectin is adsorbed on to 
hydrophilic surfaces from solution, in the presence of cell culture media, it has to compete 
with other serum proteins and therefore it is likely to give a fibronectin-saturated surface 
(Grinnell and Feld, 1981). The effectiveness of increasing the strength of cell adhesion on 
hydrophilic cell culture polystyrene by using fibronectin supplemented media has also 
been demonstrated by (Sarwar and Whish, 1990a). In these experiments, the fibronectin 
solution concentration seems to have been sufficiently high in order to compete for surface 
adsorption with other serum proteins in solution. It is most likely that fibronectin increases 
it adhesiveness through its ability to mediate cell adhesion through the ligand-receptor 
interactions.
2 1 0
Native polystyrene OQ'S- BSA solution •
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4 .0  4.5 5.0 
Strength of cell adhesion (Nm'2 )
Fig. 5.6.5. Effect of protein supplemented growth media on the strength of adhesion of 
serum supplemented BHK21 cells.
The effect of 0.2% BSA supplementation of cell culture media was to reduce the 
strength of cell adhesion to Primaria™ polystyrene and stainless steel 316L BA. No cell 
adhesion occurred on native polystyrene, with or without the BSA. The increased 
concentration of BSA in the final serum supplemented medium is expected to result in 
increased BSA adsorption on to all surfaces. This is because BSA will compete with 
fibronectin for surface adsorption. As the fibronectin is at a relatively lower solution 
concentration compared to the BSA, it will also adsorb at a lower concentration onto the 
surface. Thus lower cell adhesion occurs on Primaria™ polystyrene and stainless steel in 
the presence of increased BSA supplementation to cell culture media. In the case of native 
polystyrene, the BSA is likely to be bound very tightly to the surface, such that it acts as a 
steric exclusion barrier which completely prevents the possibility of any cell adhesion 
occurring (Klebe et al., 1981).
When comparing the results of BSA and surfactant supplementation, it can be seen
that BSA acts more effectively than all the surfactants studied, in reducing the strength of
cell adhesion to materials in serum-supplemented media. In order to completely prevent
cell adhesion on hydrophobic materials such as stainless steel and Primaria® polystyrene, it
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is proposed that much higher concentrations of BSA would be required than 0.2% solution 
used in this study. For hydrophobic or partly hydrophobic materials a 0.2% BSA solution 
is probably sufficient.
5.6.6. Effect of protein supplementation to cell culture medium on 
contact angle (surface wettability) measurements
Table 5.6.6. shows the contact angle measurements on three materials, stainless 
steel (used, cleaned and sterilised), native and Primaria™ polystyrenes (unused and clean). 
These experiments were carried to find out whether the addition of proteins (BSA or 
fibronectin) to the cell culture medium changed the contact angle or wettability properties 
of the surface. As previously, contact angle values were compared with serum 
supplemented media (i.e. RPMI 1640 + 5% newborn calf serum). The results in this 
section show very little changes in the contact angle on the addition of fibronectin. 
However, the cell adhesion data shows that the strength of cell adhesion was increased 
markedly (Fig 5.6.5) when fibronectin was added to the medium on native polystyrene. 
The contact angle results obtained here are not unexpected because they show that a 
surface which already has gross adsorption of proteins from serum is unlikely to be altered 
by the addition of extra fibronectin. The ratio of different molecules (eg. ratio of serum to 
fibronectin molecules) has obviously changed the cell adhesion properties of the surface 
(as demonstrated by the previous cell adhesion data, fig 5.6.5), but this cannot be 
differentiated by the contact angle measurement technique.
In the case of BSA, once again, very slight changes in contact angle were 
observed. Therefore, as previously described for fibronectin, it seems that contact angle 
measurement technique cannot measure any changes of the surface caused by the 
adsorption of specific proteins such as BSA or fibronectin.
2 1 2
Primaria polystyrene y-irradiated
Mean SD SEM
MQ water 44.19° 3.00° 0.67°
RPMI 1640 43.24° 2.12° 0.47°
RPMI 1640 + 5% NBCS 42.07° 2.18° 0.49°
RPMI 1640 + 5% NBCS 4-p.g mb1 Fibronectin solution 40.63° 2.06° 0.46°
RPMI 1640 + 5% NBCS + 0.2% BSA solution 45.79° 2.21° 0.49°
Stainless steel 316L bright annealed
Mean SD SEM
MQ water 63.13° 4.61° 1.03°
RPMI 1640 65.88° 4.10° 0.92°
RPMI 1640+ 5% NBCS 59.95° 4.34° 0.97°
RPMI 1640 -t- 5% NBCS 4- 4jig ml'1 Fibronectin solution 59.07° 4.37° 0.98°
RPMI 1640 + 5% NBCS + 0.2% BSA solution 60.30° 4.36° 0.98°
Native polystyrene y-irradiated
Mean SD SEM
MQ water 92.02° 1.15° 0.26°
RPMI 1640 91.27° 1.27° 0.28°
RPMI 1640 + 5% NBCS 74.66° 2.44° 0.55°
RPMI 1640 4- 5% NBCS 4- 4|ig ml'1 Fibronectin solution 76.58° 2.29° 0.51°
RPMI 1640 4- 5% NBCS 4- 0.2% BSA solution 77.15° 1.97° 0.44°
Table 5.6.6. Advancing contact angle measurements of protein supplemented cell culture 
media on various materials.
5.6.7. Relationship between the strength of cell adhesion and the contact 
angle for protein solutions
Figure 5.6.7 shows the relationship between contact angle and the strength of
adhesion. The contact angle and strength of adhesion were measured on three materials
using droplets of media supplemented with various protein. Previously, it was shown that
there was a linear relationship between contact angle and the strength of cell adhesion
(Figure 5.5.3.) on used, cleaned and sterilised materials. In this graph there is a general
trend that as the contact angle decreases the strength of cell adhesion increases.
This graph shows that proteins can significantly affect the strength of cell adhesion
to materials, in serum-supplemented media, however, the contact angle values are only
slightly affected. This relationship is in contrast to the surfactant effects, where, cell
adhesion was unaffected but contact angles were altered. The effect of proteins and
surfactants is therefore opposite. The surfactants change the contact angles because they
adsorb competitively with proteins and therefore give an altered surface wettability.
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However, when proteins adsorb on a surface which is already protein-saturated, changes in 
surface wettability (or contact angle) are minimal. Generally in the presence of serum 
containing media, proteins alter cell adhesion, but do not alter cell adhesion, but do not 
affect surface wettability.
Figure 5.6.7, Strength of cell adhesion versus advancing contact angle measured by the 
sessile drop method for proteins in solution.
Key to figure 5.6.7
Primaria™ polystyrene y-irradiated
1) RPMI 1640 + 5% NBCS
2) RPMI 1640 + 5% NBCS + 4pg ml-1 Fibronectin solution
3) RPMI 1640 + 5% NBCS + 0.2% BSA solution 
Stainless steel 316L bright annealed
4) RPMI 1640 + 5% NBCS
5) RPMI 1640 + 5% NBCS +- 4pg mH Fibronectin solution
6) RPMI 1640 + 5% NBCS + 0.2% BSA solution 
Native polystyrene y-irradiated
7) RPMI 1640 + 5% NBCS
8) RPMI 1640 + 5% NBCS + 4pg ml'1 Fibronectin solution
9) RPMI 1640 + 5% NBCS + 0.2% BSA solution
5.6.8 Effect of protein coatings on the strength of BHK21 cell adhesion
Fig 5.6.8 shows the effect of protein coatings to materials on the strength of cell
adhesion. Fibronectin coating of Primaria™ polystyrene, stainless steel 316L BA and
native polystyrene significantly increased the strength of cell adhesion to these materials.
In fact, the highest cell adhesion value (1 L6Nmr2) recorded in this whole study was that of
fibronectin coated onto Primaria™ polystyrene. The surface coating of fibronectin had a
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greater effect on the strength of adhesion than when this protein was supplemented in 
solution. This is probably due to the higher concentration of fibronectin molecules retained 
onto the surface, during direct coating as opposed to when it is adsorbed from solution. It 
would appear from this study that the fibronectin coating technique does not adversely 
affect the activity of this molecule. Therefore, coating fibronectin on to a surface is a very 
effective way o f increasing cell adhesion on hydrophobic and hydrophilic surfaces. The 
direct coating o f BSA onto the three materials showed similar effects as previously, when 
BSA was supplemented in solution. Only slight decreases in the strength of cell adhesion 
were observed on Primaria™ and stainless steel. Therefore, it seems either that the BSA is 
not adsorbing well to the materials or that there is not a sufficient surface concentration of 
BSA on the materials. Further work in this area needs to be carried out.
Primaria'™ polystyrene 7-in-adiated
Primaria™ polystyrene 2pg cm '* fibronectin coated 
Primaria™ polystyrene 1.0% BSA coated
Stainless steel 316L BA 
Stainless steel 316L BA 2gg cm fibrooectin coated 
Stainless steel 31GL BA 1.0°/ BSA coated 
Native polystyrene T-irradiated 
Native polystyrene 2pg cm '2 fibronectin coated 
Native polystyrene 1.0% BSA coated
i l l
0.0 2.5 5.0 15 10.0 12.5 15.0 17.5
Strength of cell adhesion (Nm*2 )
Fig. 5.6.8. Effect of protein coating on the strength of adhesion of serum supplemented 
BHK21 cells.
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6.0 CONCLUDING CHAPTER
6 J  CONCLUDING CHAPTER
In the past few years, extensive research has been carried out in order to 
understand the complex phenomena which occur during cell-cell and cell surface 
interactions. Studies in these two areas are important for the development of improved 
artificial materials for implantation into the human body; for diseases and for the 
biotechnology industry.
Cell surface studies have shown that surface wettability, charge type and charge 
density are important parameters for consideration during cell adhesion. Previous cell- 
surface studies have shown that specific surface groups are also required for cell adhesion. 
Some studies have shown that hydroxyl groups are the most important, whilst others have 
shown that carboxyl groups are important. The controversy regarding surface groups is 
further complicated by the presence of serum proteins. These are surface active molecules 
which adsorb onto the surface, and mask the underlying surface properties (MacRitchie, 
1978). This adsorbed layer of proteins will subsequently influence cell adhesion. In native 
proteins, the non-polar (hydrophobic) residues tend to be internalised, thus structural 
alterations in proteins have to occur in order to give a large number of contacts between 
the proteins and the surface (Hoffman, 1974), Therefore, on a hydrophobic surface a 
protein can change its conformation to optimise interactions between the hydrophobic sites 
and the surface. The hydrophilic sites on the proteins will interact with water molecules. 
The process of cell adhesion is dependent on the nature of the protein adsorbed and the 
surface. On the other hand, the surface properties determine the conformation, orientation 
and concentration of the adsorbed proteins. One of the key of surface properties which 
influences the conformation of the adsorbed protein is hydrophobicity.
The presence of specific cell adhesion proteins (ie. fibronectin, vitronectin, and
chondronectin, etc.) play a major role in cell surface adhesion. The best studied of these
molecules is fibronectin which binds strongly to hydrophobic surfaces and actively
replaces non-specific proteins during adhesion and spreading. The interaction between
specific cell adhesion molecules occurs via cell surface receptors (or integrins) and specific
amino acid groups (eg RGD sequence) in the adhesion molecules. The addition of RGD
sequences increases cell adhesion. The adhesion of animal cells on surfaces is also affected
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by the presence of surfactants, as demonstrated by a limited number of studies. The effects 
on adhesion depend on the type of surfactant, the properties of the surface of the material 
and the interaction between protein/surfactant and surface. Surfactants have the ability to 
prevent protein adsorption or they can elute proteins from a surface (Lee et al.. 1989). 
Surfactant adsorption on surfaces prevents cell adhesion via steric hindrance. The use of 
surfactant modified surfaces to prevent cell adhesion is becoming increasingly important in 
the biomedical area.
From the above summary, it can be seen that the adhesion of animal cells on 
surfaces depends on many factors. These include protein/surfactant adsorption, surface 
wettability, surface charge and cell cultivation conditions (eg. pH, temperature etc). 
Although a large number of studies have been previously earned out on cell-surface 
adhesion phenomena, there is no single study to date, which quantitatively measures and 
compares the effect of all these parameters on the adhesion of cells to surfaces.
In this thesis, the subject of cell-surface adhesion was addressed with the specific 
aim of developing a simple, quantitative technique which could measure the strength of 
celt adhesion on various materials, and in different cell cultivation conditions. It was the 
aim of this study to quantify and compare the strength of cell adhesion 011 various native 
and modified surfaces, under different experimental conditions. The salient objectives 
were:
a) To select and validate a quantitative cell adhesion test which could be applied to 
different surfaces and cell cultivation conditions.
b) To quantify the strength of cell adhesion on native and modified surfaces which were 
commonly used in the Biotechnology and Biomedical areas,
c) To study the relationship between the strength of cell adhesion and surface wettability 
for native and modified surfaces.
d) To study the effects of protein and surfactant adsorption on the strength of cell adhesion 
on native mid modified surfaces.
A  number of cell adhesion measurement techniques are available. These include 
micromanipulations, centrifugation, laminar flow in tubes and chambers, jets of fluid, and
hydrodynamic methods. The centrifugation method was critically assessed in this work
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and was found to be inappropriate as a method of quantifying cell adhesion because: i) it 
was unsuitable for measuring the strength of cell adhesion on fragile materials (eg. glass) 
which broke during the centrifugation process, ii) it was difficult to produce slides of some 
of the materials under investigation, iii) it was not possible to define the cell detachment 
region on the test materials.
An alternative method of measuring cell adhesion is the Radial Laminar Shear 
method (Crouch et a l 1985). Previous results related to the use of this technique (Spier 
and Fowler, 1987), indicated that it was one which had numerous advantages, however, it 
lacked standardisation and reproducibility. In the work carried out here, the RLSM was 
critically evaluated and subsequently standardised as an assay for cell adhesion. The 
RLSM method can only be used reliably when the following standard parameters are 
applied:
a) eight sample dishes of the materials under test.
b) A  flow rate of 6.6ml s_1 for the fluid (ie. PBS) which causes cell detachment.
c) Defined cell cultivation parameters (eg. BHK21 anchorage dependent cells, cultivated 
for a period of 24 hours @  37°C in a 5% C 02 atmosphere, in RPMI/DMEM + 5%  
newborn calf serum).
d) A  laminar shear force for a period of 5 seconds.
e) A  standard cleaning protocol for all test samples was adopted.
f) A medium overlay of 20ml of fluid on the cell sheet.
The results in this study showed that it was possible to quantify the strength of cell 
adhesion to various surfaces using the RLSM technique with the above standardised 
protocol. The RLSM technique was the method of choice selected in this thesis, for 
studying cell adhesion phenomena. The above standard parameters can also be applied to 
different cell types. This has been shown in another thesis carried out in the same 
laboratory (Garcia De Castro. PhD thesis in preparation, 1993). In the literature, the values 
for the strength of adhesion measured by the RLSM to y-iixadiated, cell culture polystyrene 
and glass are 4.47 and 4.39Nnr2, respectively (Spier et al., 1987). These values could not 
be reproduced in this study. However, after repeated standardisation1 tire values of 3.9 and
4.4Nnr2 were achieved for cell culture polystyrene y-irradiated and glass, respectively,
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These latter values are reproducible if the material batches are consistent.
In order to determine the effect of time of cultivation, the strength of cell adhesion 
was measured on various surfaces over an extended cultivation period (ie. 2-200 hours), it 
was found that the strength of cell adhesion supported by various surfaces remained fairly 
constant from 24 to 200 hours. Therefore, cell adhesion measurements can be made at any 
time during the cultivation process, however, the exponential phase is recommended 
because the cells are in the optimum conditions for cell growth. The 2 hour period for 
measuring cell adhesion is not recommended because cell adhesion, spreading and protein 
adsorption may not have stabilised within this time. The maximum viable cell number was 
dependent on the strength of cell adhesion for some surfaces. It was found that native 
polystyrene, y-irradiated, stainless steel 316L BA and polystyrene Primaria™, y-irradiated 
showed a linear increase in the maximum numbers of viable adhered cells, as the strength 
of cell adhesion increased. However, polystyrene cell culture, y-irradiated and soda lime 
microscope glass did not follow this relationship. In fact these surfaces had the highest cell 
density on them, but the strength of cell adhesion was only in the region of 2.5 to 2.6Nm“2. 
Surface analysis using scanning electron microscopy showed that these latter surfaces had 
gross particulate contamination. It is likely that this surface contamination affected the cell 
adhesion and growth properties of cells cultivated on the materials. This may explain why 
these materials did not fit into the linear relationship.
Cell adhesion tests carried out on various surfaces showed that BHK21 anchorage
dependent cells were detached from the low adhesive surfaces (eg. native polystyrene, y-
irradiated) with a minimum force of 0.4 Nnr2 and maximum force of 5.5 Nm-2 for high
adhesive material (eg. Primaria™ polystyrene, y-irradiated). Most other surfaces (eg
stainless steel, glass etc) were of an intermediate adhesiveness, and a force of 2 to 5 Nm-2
was required to detach cells. Diamond-like carbon (DLC) coating of materials were found
to give surfaces of intermediate adhesiveness (ie. 2.7 to 3.6Nnr2). DLC reduced the
strength of cell adhesion to materials which originally supported high adhesion, and it
increased the strength of cell adhesion of those materials which supported poor adhesion.
DLC coating also reduced the variability of surfaces with respect to cell adhesion. The
variability of material properties with respect to cell cultivation and adhesion has generally
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been overlooked. The study of cell-surface interactions on materials which are inherently 
variable becomes meaningless, and homogeneous surfaces are essential for such studies. 
The use of DLC coatings offer a novel method for overcoming surface variability, with 
respect to the strength of cell adhesion.
Chemical and physical modifications to surfaces and their effects on the strength of 
cell adhesion were studied. Corona discharge treatment, a method which is traditionally 
used to increase the strength of cell adhesion to native materials was also shown to be 
effective in this study. Corona discharge treatment also increased the strength of cell 
adhesion supported by another hydrophobic material, polymethylpentene. Corona 
discharging of materials which had been precoated with DLC did not have a significant 
effect on the strength of cell adhesion. Therefore, DLC coating can be used effectively as 
an alternative method of treating surfaces to corona discharge. Corona discharging of 
intermediate materials (eg. Polymethylpentene DLC coated) did not increase the strength 
of cell adhesion. Protein and Pluronic® F-68 treatment of materials which originally 
showed low cell adhesion, resulted in complete inhibition of cell adhesion. However, the 
same surface treatment on hydrophilic materials did not have any effect on the strength of 
cell adhesion. Cold sterilisation of materials with ethanol and hypochlorite was only found 
to affect the strength of cell adhesion to Primaria™ polystyrene. In conclusion, corona 
discharge and DLC treatments are both effective techniques for increasing the adhesive 
properties of hydrophobic materials. However, DLC has the additional advantage that it 
also gives a more reproducible surface with respect to cell adhesion. Materials with such 
coatings can be sterilised with heat or cold sterilants without affecting the cell adhesion 
properties. DLC was shown to cause ,’rippling"of the softer type materials (eg. silicone 
rubber and polystyrenes). This may be a heat related effect which requires further 
investigation. It seems that gross topographical changes of the surface do not affect cell 
adhesion and growth properties of the cells. Therefore, for in vitro cell cultivation on DLC 
coated materials, the surface chemistry is more important than surface topography. The use 
of DLC coatings in the future is highly recommended.
For the first time, a detailed investigation was carried out to determine whether cell
adhesion was related to a number of cell growth properties. The results of this
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investigation show that materials can be divided into two groups:
a) materials 011 which cells are cultivated, the growth characteristics are dependent on the 
cell adhesion properties. These materials include hydrophobic ones (eg. native 
polystyrene). For the hydrophobic materials, the percentage cell attachment and the cell 
doubling times decreased as the strength of cell adhesion increased. However, die 
exponential growth rates, the maximum cell densities and the death rates all increased as 
the strength of cell adhesion increased. For the hydrophilic materials the opposite was true 
for all the above parameters. These results show that the cell adhesion process directly 
affects the growth properties of cells on some surfaces. Therefore, the surface properties of 
some materials can be used directly to control the adhesion and growth properties of cells 
in culture. For example in biotechnology if the productivity of a cell line was related to the 
exponential growth rate of the cells, then the surface which gave high cell growth rates (eg 
silicone rubber, polyinethlypentene, glasses, treated polystyrenes and stainless steel can be 
used. For applications where high cell densities are required, then the hydrophobic 
materials such as silicone rubber and polymethylpentene are inappropriate.
b) Materials on which the cell growth properties are independent of the strength of cell 
adhesion. All materials modified by DLC coating or chemical treatment fall into this 
category. For such materials cell growth characteristics are unpredictable. It is 
recommended that the adhesion and cell growth properties of a surface are fully evaluated 
when surface modifications have been carried out. A simple parameter such as cell 
adhesion is not sufficient to give an indication of cell growth properties.
In this study a linear relationship between contact angles and the strength of cell 
adhesion could only be obtained when materials were cleaned and sterilised reproducibly, 
and when the measurements were made on surfaces which had been treated in the same 
way. Previously investigations, failed to see such relationships because the surfaces used 
for contact angle measurements were cleaned to specifications often used in pure surface 
chemistry applications. The cells are not normally exposed to materials of such high 
"cleanliness" and therefore, this is an artificial situation.
The RLSM technique was effectively used to quantitate the strength of cell
adhesion when proteins and surfactants were either supplemented to the medium or coated
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directly onto the underlying materials. The investigations reported in this thesis show that 
surfactants, whether coated or in solution had little influence on the strength of cell 
adhesion in serum-supplemented medium. However, contact angle measurements 
demonstrated that some surface adsorption of the surfactants had indeed taken place. It is 
obvious that this surface adsorption was not significant enough to interfere with the cell 
adhesion processes. It is expected that in serum-free conditions, the surface adsorption 
effects of surfactants will be more pronounced. It is recommended that these studies are 
carried out in the future.
The supplementation of proteins (fibronectin or BSA) to cell culture media had 
little influence on the contact angles, however, the cell adhesion properties were markedly 
affected. These effects are opposite to those observed for the surfactants. The coating of 
materials with fibronectin results in dramatic increases in cell adhesion. Fibronectin 
coating was as effective as DLC coating and corona discharge treatment in increasing the 
strength of cell adhesion to hydrophobic polystyrene. However, in conjunction with DLC 
treatment fibronectin gave extremely high cell adhesion on plasma discharged polystyrenes 
and excellent cell adhesion on stainless steel. Of all the treatments investigated in this 
thesis, fibronectin coating was shown to be the most superior surface treatment technique 
for increasing the strength of cell adhesion. The mechanism by which fibronectin exerts its 
influence on cell adhesion is summarised in fig 6.0. The molecular organisation 
summarised in fig 6.0 shows that in serum containing media, the presence or absence of 
fibronectin molecules will dictate die process of cell adhesion. Therefore, when the surface 
of the material needs to be modified to increase its cell adhesion properties, fibronectin 
coating is better than any other method (eg. DLC coating, corona discharge and plasma 
treatment). The use of specific cell adhesion molecules to increase adhesiveness of 
materials for biomedical and biotechnology areas has been considered previously. In this 
investigation, it is confirmed by a quantitative methodology, that the use of specific cell 
adhesion molecules is the best approach to increasing cell adhesion of materials which are 
in contact with blood proteins.
Finally, this investigation also shows that it is possible to make a completely non­
adhesive surface by using a hydrophobic material in conjunction with a surfactant such as
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Pluronic® F-68. The use of surfactant is recommended because it is almost impossible to 
have an infinitely hydrophobic surface. The presence of a surfactant completely prevents 
the adsorption of serum protein on to the surface. Cell adhesion is prevented by steric 
hindrance. The long term use of such a strategy for biomedical design has yet to be 
realised.
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Figure 6.0. Diagram showing the mechanism by which fibronectin exerts its influence on 
cell adhesion.
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Appendix A
C0SSB assessed chemicals
Chemical Hazards Precautions
10% Methanol Solution for ceil 
staining.
Flammable liquid 
flash point 12°C. 
Toxic.
Normal laboratory protective clothing, gloves and eye 
protection. Use of fume hood for large volumes.
Preparation o f cell fixative solution 
(0.85% PBS and 10% fonnaldehyde)
Toxic, harmful, 
and an irritant.
Work under taken in a fume cupboard.
Ethanol solutions Flammable
liquid.
Nonnal laboratory protective clothing, gloves and eye 
protection. Use o f fume hood for large volumes.
10% Dimethylsulphoxtde for 
cryopreservation
Harmful irritant. 
Poisoning by inhalation 
or skin adsorption.
Nonnal laboratory protective clothing, gloves and eye 
protection. Use o f  fume hood for large volumes.
Preparation o f 70% ethanol for use as 
sterile spray in cell culture wotik.
Flammable liquid. Normal laboratory protective clothing, gloves and eye 
protection. Use o f fume hood for large volumes.
Use o f bleach for general laboratory 
cleaning
Irritant to skin Nonnal laboratory protective clothing, gloves and eye 
protection. Use o f fume hood for large volumes.
Trypan blue for the determination 
o f cell densities
Teratogen, Toxic 
Irritant
Stored in cupboard labelled with carcinogens.
Nonnal laboratory protective clothing, gloves and eye 
protection. Use o f fume hood for large volumes.
2% Hycolin solution for sterilisation 
o f pipettes
Irritant to skin and eyes Normal laboratory protective clothing, gloves and eye 
protection. Use o f fume hood for large volumes.
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Appendix B 
Results from section 5.6.
Material Strength of cell adhesion (Nm-2)
SD MEAN SEM
Primaria polystyrene y-irradiated 3.3 3.4 3.3 3.2 3.7 0.19 3.38 0.09
Primaria polystyrene y-irradiated 
0,2% PVP VA630 supplemented media
3.4 3.2 3.4 3.5 3.4 0.11 3.38 0.05
Primaria polystyrene y-irradiated 
0.2% PVP C30 supplemented media
3.3 3.3 3.5 3.3 3.5 0.11 3.38 0.05
Primaria polystyrene y-irradiated
0.2% Pluronic® F-68 supplemented media
3.3 3.6 3.2 3.3 3.5 0.16 3.38 0.07
Stainless steel 3I6L Bright Annealed 3.4
3.2
3.1
3.3
3.5 3.2 3.4 0.16 3.32 0.07
Stainless steel 316L Bright Annealed 
0.2% PVP C30 supplemented media
3.3 3.4 3.2 3.0 3.2 0.15 3.22 0.07
Stainless steel 316L Bright Annealed 
0.2% PVP VA630 supplemented media
3.6 3.4 3.5 3.3 3.3 0.13 3.42 0.06
Stainless steel 316L Bright Annealed 
0.2% Pluronic® F-68 supplemented media
3.3 2.9 3.0 3.4 3.4 0.23 3.20 0.10
Native polystyrene, y-irradiated 
(Sterilin 5424648)
0.0 0.0 0.0 0.0 0.0 0.00 0.00 0.00
Native polystyrene, y-irradiated
0.2% Pluronic® F-68 supplemented media.
(Sterilin 5424648)
0.0 0.0 0.0 0.0 0.0 0.00 0.00 0.00
Native polystyrene, y-irradiated 
0.2% PVP VA630 supplemented media. 
(Sterilin 5424648)
0.0 0.0 0.0 0.0 0.0 0.00 0.00 0.00
Native polystyrene, y-irradiated 
0.2% PVP C30 supplemented media. 
(Sterilin 5424648)
0.0 0.0 0.0 0.0 0.0 0.00 0.00 0.00
BHK21 anchorage dependent cells cultivated inRPMIi640 supplemented with 5% NBCS.
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Material Strength of cell adhesion (Nnr2)
SD MEAN SEM
Primaria polystyrene y-irradiated 13041102 3.5 3.7 3.4 2.9 3,7 0.33 3.44 0.15
3.7 3.7
Primaria polystyrene y-irradiated 13041102 CO 5.0 CO 00 DO 0.0 13.2 0.0
2pgcnr2 fibronectin coated
Primaria polystyrene y-irradiated 13041102 2.8 3.4 3.2 2.5 2.9 0.35 2.96 0.16
1% BSA coated
Stainless steel 3 16L Bright Annealed co 6.2 4.0 4.4 4.9
2gg cm"2 fibronectin coated
Stainless steel 316L Bright Annealed 3.1 3.3 3.1 3.5 3.2 0.17 3.24 0.07
1 % BSA coated
Native polystyrene, y-irradiated 0,0 0.0 0.0 0.0 0.0 0.0 0.00 0.00
(Sterilin 5424648) 0.0
Native polystyrene, y-irradiated 3.3 2.5 3.0 3.0 2.7 0.31 2.90 0.14
2jig cm*2 fibronectin coated
(Sterilin 5424648)
Native polystyrene, y-irradiated 0.0 0.0 0.0 0.0 0.0 0.00 0.00 0.00
1% BSA coated 
(Sterilin 5424648)
BHK21 anchorage dependent cells cultivated in RPMI1640 supplemented with 5% NBCS.
Material Strength of cell adhesion (Nm"2)
SD MEAN SEM
Primaria polystyrene y-irradiated 13041102 3.5
3.3
3.3
3.3
3.6
3.0
4.0
3.4
3.7 0.26 3,62 0.12
Primaria polystyrene y~irradiated 13041102 
1.0% PVP VA630 coated
3.4 3.7 3.7 3.8 3.5 0.16 3.62 0.07
Primaria polystyrene y-irradiated 13041102 
1.0% PVP C30 coated
3.4 3.7 3.3 3.5 3.6 0.16 3.50 0.07
Primaria polystyrene y-irradiated 13041102 
1.0% Pluronic® F-68 coated
3.4 3.7 3.5 3.6 3.4 0.13 3.52 0.06
Stainless steel 316L Bright Annealed 
1.0% Pluronic® F-68 coated
3.3 3.3 2.9 3.3 3.1 0.18 3.18 0.08
Stainless steel 316L Bright Annealed 
1.0% PVP C30 coated
3.4 3.2 2.9 3.3 3.5 0.23 3.26 0.10
Stainless steel 316L Bright Annealed 
1.0% PVP VA630 coated
2.9 2.9 3.2 2.9 3.0 0.13 2.98 0.06
Native polystyrene, y-irradiated 0.0 0.0 0.0 0.0 0.0 0.00 0.00 0.00
(Sterilin 5424648) 0.0 0.0 0.0 0.0 0.0 0.00 0.00 0.00
Native polystyrene, y-irradiated 
1.0% Pluronic® F-68 coated. 
(Sterilin 5424648)
0.0 0.0 0.0 0.0 0.0 0.00 0.00 0.00
Native polystyrene, y-irradiated 
1.0% PVP VA630 coated. 
(Sterilin 5424648)
0.0 0.0 0.0 0.0 0.0 0.00 0.00 0.00
Native polystyrene, y-irradiated 
1.0% PVP C30 coated.
(Sterilin 5424648)
0.0 0.0 0.0 0.0 0,0 0.00 0.00 0.00
BHK21 anchorage dependent cells cultivated in RPMI 1640 supplemented with 5% NBCS.
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Material Strength of cell adhesion (Nnr2)
SD MEAN SEM
Primaria polystyrene y-irradiated 13041102
Primaria polystyrene y-irradiated 13041102
2jig cur2 fibronectin solution
Primaria polystyrene y-irradiated 13041102
0.2% BSA solution
Stainless steel 316L Bright Annealed
2pg cm*2 fibronectin solution
Stainless steel 316L Bright Annealed
0.2% BSA solution
Native polystyrene, y-irradiated
(Sterilin 5424648)
Native polystyrene, y-irradiated 
4jig ml-1 fibronectin solution 
(Sterilin 5424648)
Native polystyrene, y-irradiated 
0.2% BSA solution 
(Sterilin 5424648)
4.0 4.8 3.9 3.4 3.4 0.57 3.90 0.26
4.2 4.5 4.6 4.2 4.5 0.19 4.40 0.08
2.9 3.6 2.0 3.2 2.8 0.59 2.90 0.26
4.2 4.3 4.6 4.2 4.0 0.22 4.26 0.10
3.3 3,1 3.5 3.2 3.2 0.15 3.26 0.07
0.0 0.0 0.0 0.0 0.0 0.00 0.00 0.00
1.9 1.8 2.7 2.1 2.3 0.36 2,16 0.16
0.0 0.0 0.0 0.0 0.0 0.00 0.00 0.00
BHK21 anchorage dependent cells cultivated in RPMI1640 supplemented with 5% NBCS.
